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ABSTRACT
This three-year study was undertaken to determine the 
effects of temperature, rainfall, and tree age on nut set, 
percent kernel, percent grade 1 kernel, and yield of three 
macadamia cultivars at eight locations in Hawaii.
Initial nut set two weeks after anthesis was highest 
with maximum temperatiires from 18 to 24°C for macadamia 
cultivars Keauhou, Ka'u, and Kea'au. Increased rainfall in 
the two weeks after anthesis was associated with a 
reduction in initial nut set of 'Keauhou' and 'Ka'u', 
within a range of 1 tb 95 cm of rainfall.
Final nut set of 'Keauhou' appeared optimum with a 
rainfall of 100 cm within a range of 1 to 215 cm during the 
eight weeks from anthesis to final nut set. As rainfall 
increased from 1 to 215 cm during the eight weeks from 
anthesis to final nut set, final nut set of 'Ka'u' and 
'Kea'au' was reduced. Final nut set was highest at a 
minimum temperature of 14°C for all three cultivars.
A slight increase of percent kernel of 'Keauhou' and 
'Ka'u' was associated with increasing maximum temperatures 
from 20 to 25°C in the 90 days after anthesis. A 
reduction in percent kernel of 'Keauhou' and 'Ka'u' was 
related to maximum temperatures above 26°C.
IV
Increasing minimum temperature from 13 to 17°C was 
related to an increase of percent grade 1 kernels for 
'Keauhou'. Percent grade l kernels of 'Keauhou' decreased 
with increasing age of trees. An increase in percent grade 
1 kernels occurred for 'Ka'u' up to 12 years of age, 
followed by a decline up to 17 years when a more rapid 
decline occurred. Increasing minimum temperature from 13 
to 19°C was associated with increased percent grade 1 
kernels of 'Ka'u'.
'Keauhou' had higher yields with rainfall averaging 30 
cm per month. Rainfall averaging 10 cm per month for 
'Ka'u' and 'Kea'au' was related to higher yields.
Average yearly minimum temperatures of about 14.5°C 
appeared optimum for yield of 'Keauhou'. 'Ka'u' and 
'Kea'au' appeared to yield better with about 16 to 18°C 
average yearly minimum temperature.
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CHAPTER I 
INTRODUCTION
Macadamia (Macadamia intearifolia Maiden and Betche) 
cultivars released by the Hawaii Agricultural Experiment 
Station (HAES) have approximately 10 percent greater 
percent kernel by weight and grade number 1 kernels than 
seedling trees. Compared to non-selected seedlings, 
grafted trees of superior macadamia cultivars, also, have 
four times the number of nuts and five to six times as many 
marketable kernels (Hamilton and Fukunaga, 1973). Superior 
macadamia cultivars currently recommended for commercial 
plantings with their cultivar name, HAES selection number, 
and release date are as follows ; Purvis (294, 1981), Ka'u 
(344, 1971), Kakea (508, 1948), Kea'au (660, 1966), Mauka 
(741, 1977), Pahala (788, 1981), Makai (800, 1977), and 
Dennison (790,1990). Eight year-old trees of these 
cultivars produce at least 45.4 kg of in-shell nuts/tree in 
favorable locations, 10-year old trees produce 34 kg of 
in-shell nuts/tree in less favorable locations. They, 
also, had 38 to 48 percent kernel and at least 95 percent 
grade 1 kernels (Hamilton and Fukunaga, 1983).
Studies have shown that individual cultivars perform 
differently between years at one location and between 
locations (Hamilton et al., 1977). Percent kernel and 
percent grade 1 kernels of an individual cultivar, also, 
vary with location (Radspinner, 1970). Variability
in production and nut characteristics have been linked to 
elevation, temperatur^, sunlight, and rainfall (Hamilton et 
al., 1977).
The objectives of this research were to determine the 
effects of environmental variables such as temperature and 
rainfall, and tree age on nut set, nut characteristics, and 
yield of three macadamia cultivars at eight locations in 
Hawaii chosen for their different environments.
CHAPTER II 
REVIEW OF LITERATURE
2.1 Flowering
Moncur et al. (1985) found that development of 
macadamia flowers from initiated floral buds took between 
137 to 153 days. That time could further be broken into 
four sections of initiation, bud dormancy, which usually 
lasted 50 to 60 days, raceme elongation, and anthesis.
They observed that flowers usually occurred on the previous 
season's growth. Floral initiation under Australian 
conditions was found to occur in the field with 
temperatures between 11 to 15°C. Bud dormancy was 
observed under both wet and dry conditions.
Sakai et al. (1982), suggested that macadamia flower 
initiation was greatest at night temperatures of 15 to 
21°C, but growth and development of racemes were greater 
at 12 to 18°C.
Stephenson and Gallagher (1986) found that warm nights, 
20°C, prior to and after floral initiation followed by 
low night temperatures, 10.5°C, prior to anthesis 
promoted floral bud production over time for macadamia 
cultivars Keauhou, Ka'u, and Kea'au. The rate and extent 
of raceme elongation ^ere greater under warmer nights. 
Despite the difference in the number of racemes and flowers 
produced, the number of nuts per tree was not significantly
different. They further suggested that excess flowering is 
a waste of metabolic energy.
2.2 Pollination
In macadamia, self-pollination occurs one day after 
anthesis as the stigma elongates past the dehiscing anthers 
during emergence from the floral tube at anthesis. Pollen 
deposited on the surface of the stigma requires 20 to 26 
hours to germinate (Urata, 1954). Fertilization of the egg 
cell by the male gamete usually occurs about 48 hours after 
pollination, but can take up to four days (Ito, 1980).
Some macadamia cultivars were found to be 
self-sterile. Cross-pollination of certain cultivars 
resulted in higher initial nut set than if they were 
self-pollinated (Urata, 1954). Ito and Hamilton (1969), 
Schroeder (1959), and Shigeura (1970) found a significant 
difference in number of nut set by different cultivars when 
they were cross-pollinated, except 'Kakea' which did not 
respond to cross-pollination with higher nut set, as it is 
primarily self- compatible. Ito (1984) found that 
macadamia cultivars Purvis, Ka'u, Mauka, Pahala and Makai 
had significantly greater initial set with cross 
pollination. Ito (1970) found that 'Kea'au' set 
significantly fewer nuts when pollinated with 'Ka'u' 
pollen. Ito and Hamilton in 1980, found that yields of 
'Keauhou' in mixed cultivar plantings were 31 to 190 
percent higher than in pure block plantings; kernel weight.
percent kernel, and percent grade 1 kernels were all 
significantly higher in mixed block planting than in pure 
block plantings. Differences were attributed to improved 
opportunity for cross-pollination.
2.3 Nut Set and Development
Following fertilization, both ovules in a macadamia 
flower increase in size. Usually, the first ovule 
fertilized inhibits the fertilization or development of the 
second ovule. Endosperm development precedes embryo 
development (Sedgley, 1981). Between 45 and 60 days after 
fertilization the cotyledons begin rapid growth and fill 
the entire space within the testa (Urata, 1954). Sakai and 
Nagao (1980) found the growth pattern of macadamia nut to 
be a single sigmoid curve.
Sakai and Nagao (1985) reported that rapid expansion of 
macadamia nuts begins about two to three weeks after 
anthesis for cultivars Kakea, Kea'au, Ka'u, and Ikaika. No 
increase in diameter was found for any cultivar after 16 
weeks. Fresh weight of nuts of cultivars Ka'u and Ikaika 
increased rapidly at five to six weeks after anthesis up to 
15 to 16 weeks with no apparent increase 18 weeks after 
anthesis.
Nuts on 'Ikaika' trees reached maximum size in 111 
days following anthesis (1988). Fertilization to mature 
nut development requires 215 to 230 days, and may be 
divided into three stages. During the first 90 days the
endosperm and cotyledons develop. The next 70 days is the 
stage of intensive oil formation and storage in the 
cotyledons. Final maturation takes place during the last 
70 days (Jones, 1937 and 1939).
2.3.2 Premature Nut Drop
Abscised nuts examined four to five weeks following 
anthesis were similar to nuts of the same age which had 
remained on the tree, except for a slight degeneration of 
the embryo sac which may have occurred after abscission 
(Sedgely, 1981). Sakai and Nagao (1980) found the greatest 
nut drop occurred during the first seven weeks following 
anthesis. Abscission peaks at four weeks for 'Pahala', 
five weeks for 'Ka'u' and 'Kakea' and six weeks for 
'Kea'au'. Premature nut drop occurred while endosperm was 
being formed and utilized in embryo nourishment, but before 
rapid nutlet enlargement.
In 1985, Sakai and Nagao reported that abscission of 
macadamia flowers and nuts occurred in three periods. The 
first period was rapid abscission of the flowers in the 
first two weeks after anthesis. The second period was 
rapid abscission of the initial set three to eight weeks 
after anthesis. The final period was a gradual abscission 
of larger immature nuts that started at 10 weeks and 
continued until 28 to 30 weeks after anthesis. They, also, 
found a peak in ethylene production by nuts on the trees at
three to four weeks after anthesis, and just prior to a 
peak in abscission of nuts at five weeks after anthesis.
Nagao et al. (1988) determined that 78 to 83 percent of 
initial nut set is lost due to premature drop within the 
first eight weeks after anthesis. Another 4 to 12 percent 
of initial nut set dropped between 8 to 20 weeks after 
anthesis. They found that increased day temperatures from 
15 to 30°C was associated with increased nut drop.
2.3.3 Effects of Environment on Nut Loss
In trees with adequate water, nut retention declined 
with increasing day temperature in controlled environment 
studies reported by Stephenson and Gallagher (1987). They, 
also, found that high temperatures of 25 and 30°C vs.
15°C increased nut diameter, nut in husk weight, and nut 
in shell weight. Nut growth was slower at 15°C. The 
percent of nuts retained at two to 4.5 weeks after nut set 
decreased with increased day temperatures, especially with 
low relative humidity. Nut drop occurred up to six weeks 
at 25 and 30°C, and up to eight weeks after anthesis at 
15°C. At eight weeks after anthesis a greater number of 
nuts were retained at 15°C compared to 25 and 30°C.
Water stress increased nut drop especially after five to 
six weeks after anthesis. High temperature (30°C) and 
low relative humidity with water stress had greater nut 
drop than non-stressed trees at 30°C.
2.4 Diseases of Macadamia Which Affect Flower and Nut 
Retention
Botrytis and phytophthora blight are two important 
diseases of macadamia: flowers that can affect nut set. 
Botrytis blight, caused by Botrvtis cinerea (Hunter et al.,
1972), develops on floral exudates of senescent flowers. 
Ideal conditions for development of botrytis are 
temperatures between 18 and 22°C, relative humidity of 
95 to 100 percent, and free water on the floral parts. 
Botrytis is inhibited by heavy rains, which wash off 
senescent flowers and: keep spores out of the air. Hunter 
and Kunimoto (1973) found botrytis caused significant 
reduction in nut set.' Benomyl sprays were found to be an 
effective control measure for botrytis, but are rarely used 
in commercial orchards in Hawaii. Phytophthora blight is 
caused by Phytophthora caosici (Kunimoto et al., 1976). 
Phytophthora blight usually occurs on racemes following 
prolonged rains and causes abscission of both flowers and 
young nuts (Hunter et' al., 1971) .
2.5 Nut Characteristics
Nuts in-shell of commercial macadamia cultivars have 
35 to 45 percent kernel by weight and about 95 percent 
grade 1 kernels (Hamilton and Fukunaga, 1973). Grade 1 
kernels float in tap water and have a minimum of 72 percent
oil. The eight major: fatty acid components in macadamia 
oil are, myristic (0.60%), palmitic (8.7%), palmitoleic
(22.1%), stearic (3.6%), oleic (59.1%), linoleic (1.8%), 
arachidic (2.2%), and ereosenoic (1.5%) (Saleeb et al.,
1973). Cameron et al. (1964), found nut quality differed 
more among cultivars than locations; however, within an 
individual cultivar, location had a significant effect on 
percent kernel, shell thickness, and nuts per pound. 
Radspinner (1970) studied location effects on 'Keauhou' nut 
quality at 20 locations in Hawaii. He found that higher 
temperatures during the period of endosperm development 
resulted in more grade 1 kernels and fewer grade 2 
kernels. Percent of grade 2 kernels increased with 
increased rainfall during the period of oil formation.
These results were confirmed by Shigeura (1974), who found 
that nut quality increased with higher minimum temperatures 
along with rains between January and September. Radspinner 
(1970), found that nut and kernel weight decreased with 
increasing rains prior to flowering and considered this due 
to increased cloudiness limiting sunlight for 
photosynthesis. Probable confirmation to Radspinner's idea 
of cloud cover limiting sunlight was found by Cormack and 
Bate (1976), who showed that two months prior to flowering 
was a period for peak carbohydrate accumulation in 
macadamia leaves, and that flowering and growth flushes 
following this period depleted carbohydrate reserves.
Stephenson and Gallagher (1986) reported that nut 
growth and kernel recovery in controlled environment
chambers were greater at 25 and 30°C than at 15, 20, or 
3 5 ° C . Oil accumulation was most rapid at 25°C and 
increased from 15 and 20°C to peak at 25°C, then 
dropped from 30 to 35°C. Kernel growth, recovery, and 
oil content were low at 15 and 35°C. They, also, found 
that high temperatures caused a decline in kernel weight, 
kernel recovery, and grade 1 kernels, and indicated a loss 
of assimilate at the higher night temperatures was the 
cause for the reduction.
2.6 Yield
Eight year old trees of good macadamia cultivars can 
produce 45.4 kg of in-shell nuts at a favorable location, 
or 34.0 kg of in-shell nuts in a marginal location. With 
favorable soil and climatic conditions 15 year-old trees 
can yield 45.4 to 56.8 kg of in-shell nuts per tree. Under 
the best growing conditions at Kona, yields of 68.2 to 79.6 
kg of in-shell nuts per tree have been achieved from mature 
trees. A yield of 6211 kg in-shell nuts per hectare is 
obtainable from well grown trees 12 to 25 years of age. 
These expectations are based on actual yields of macadamia 
cultivars in Hawaii (Hamilton et al., 1963, 1964, 1973). 
Location, elevation, and tree spacing in the orchard effect 
macadamia nut yield per hectare. Shigeura(1974), reported 
a significant drop in production above 1500 feet 
elevation. Hamilton (1980), reported that trees spaced 7.2 
X 7.2 M (187 trees/hectare) stopped increasing in yield
10
after their tenth year in Kona. When the same orchard was 
thinned to a 10.2 x 10.2 meter spacing (93 trees/hectare) 
production increased from 8.6 to 9.9 metric tons of 
in-shell nuts per hectare three years after thinning.
Under Australian conditions Stephenson and Cull (1986) 
found that minimum temperatures below 12.5°C in October 
and 15°C in November caused a reduction in yield of 
macadamias. This was due to an effect on nut set and 
retention during those times. Day temperatures of 30°C 
with minimum temperatures about 17°C in December and 
January increased yield. Stephenson and Cull felt the low 
minimum temperature may reduce respiratory losses of 
assimilate used for nut filling. Summer rain in February 
and March was associated with high yields. Rains in 
October and November were associated with a decrease in 
yield, which the authors presumed to be due to increased 
nut drop.
2.7 Physiology
In 1978, Allan and De Jager reported an optimum rate of 
photosynthesis in leaves of macadamia cultivar Keauhou 
occurred from 16 to 26°C, photosynthesis decreased to 
zero at 41 to 43°C. Evolution of CO2 was 75 percent 
greater with night temperatures of 29°C compared to 18 to 
19°C, and caused more reserve assimilate to be respired.
Similar to the optimum photosynthesis level reported by 
Allan and De Jager (1978), Trocoulias and Lahav (1983)
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found constant day/night temperatures of 20 to 25°C in a 
growth chamber resulted in increased dry matter production 
within trees of 'Keauhou' macadamia. Trees showed no sign 
of growth at constant 10°C. Total leaf area, height, 
andstem diameter were all greater in treatments from 15 to 
30°C compared to all other treatments.
Stephenson et al. (1989, 1989) found that carbohydrate 
content of macadamia trunks were high during autumn and 
winter, but declined to low levels during summer when oil 
was accumulating in the kernels. Reproductive growth 
appeared to draw heavily on carbohydrate reserves. 
Vegetative growth was not reflected in lower carbohydrate 
reserves. They, also, found that wood tissue had higher 
carbohydrate reserves than bark tissues.
Nagao and Sakai (1990) reported that girdled macadamia 
trees produced two times as many racemes and, also, had 
more nuts per raceme compared to control trees.
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CHAPTER III 
MATERIALS AND METHODS
Bearing trees of three macadamia cultivars were 
selected at eight locations in Hawaii in order to study the 
influence of maximum and minimum temperature, rainfall, 
solar intensity, and tree age on nut set, nut 
characteristics, and yield. The experimental design was a 
completely randomized design at each location, but when 
locations were combined the data were analyzed as a split 
plot design. Climatic and tree data were collected over a 
three-year period. The macadamia cultivars included in the 
study were Keauhou (246), Ka'u (344), and Kea'au (660). 
Although 'Keauhou' is no longer recommended for commercial 
plantings, it was included in the study for comparison 
because a large amount of previous research has been 
conducted with 'Keauhou'. The cultivars Ka'u and Kea'au 
were included because they are widely used in current 
plantings. The locations of the trees used in the 
experiment are listed in Table 1. All locations except 
Makawao, Maui, are on the island of Hawaii. Yearly 
climatic data for each location are listed in Table 2.
3.1 Nut Set
Fifty racemes per tree from three trees of each 
cultivar were tagged randomly around each tree at each 
location in January 1979 and 1980, when the trees were in 
full bloom. In 1981, dry weather caused poor flowering.
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Table 1. Location, cooperator, elevation (iti) , 
macadamia cultivars, and tree age (years in field) in 1979, 
used to study nut set, nut characteristics, and yield in 
Hawaii.
LOCATION COOPERATOR ELEVATION CULTIVAR TREE AGE
CAPTAIN COOK (T) HITAHR 666 Keauhou 19
KAINALIU HITAHR 435 Keauhou 40
435 Ka'u 12
435 Kea'au 12
KEA'AU (MAKAI) (T) PRIVATE 27 Ka'u 9
27 Kea'au 9
KEA'AU (MAUKA) (T) PRIVATE 27 Keauhou 7
27 Ka'u 7
27 Kea'au 7
LOWER PAHALA (T) PRIVATE 300 Keauhou 9
300 Ka'u 9
300 Kea'au 9
MAKAWAO (T) HITAHR 630 Keauhou 22
630 Ka'u 22
UPPER PAHALA PRIVATE 420 Keauhou 14
420 Ka'u 14
420 Kea'au 14
WAIAKEA HITAHR 165 Keauhou 19
165 Ka'u 19
165 Kea'au 19
Locations followed by (T) had more than one tagging date
per year in 1979 and 1980. HITAHR stands for the
University of Hawaii , Hawaii Institute of Tropical
Agriculture and Human Resources.
15
Table 2. Average yearly maximum temperature (MAXT, 
C), minimum temperature (MINT, C), and total rainfall 
(RAIN, CM) from 1979 to 1981 at eight locations where nut 
set, nut characteristics, and yield data were collected.
LOCATION YEAR -MAXT MINT RAIN
CAPTAIN COOK
KAINALIU
KEA'AU MAKAI
KEA'AU MAUKA
LOWER PAHALA
MAKAWAO
UPPER PAHALA
WAIAKEA
1979 21.7 11.2 147.40
1980 21.6 10.7 151.07
1981 21.6 10.8 144.76
1979 25.7 17.1 205.33
1980 25.9 16.8 126.41
1981 25.9 16.7 123.47
1979 28. 3 18.2 399.11
1980 29.1 18.2 313.96
1981 28.5 17.6 249.83
1979 28.3 18.2 399.11
1980 29.1 18.2 313.96
1981 28.5 17.6 249.83
1979 28.1 19.3 58.39
1980 29.3 19.8 120.74
1981 30.8 20.7 107.55
1979 21.4 16.0 228.65
1980 21.3 15.9 300.44
1981 22.0 15.6 175.64
1979 28.2 19.3 204.03
1980 28.4 19.4 147.42
1981 29.4 20.5 129.96
1979 26.7 18.2 369.18
1980 27.0 18.5 498.24
1981 27.3 17.7 300.90
which limited the number of racemes tagged to a minimum of 
15 racemes per tree. Most tagged racemes were located on 
the outer portion of the tree, but effort was made to tag 
racemes on larger brajiches inside the tree. Racemes were 
tagged a high and low on the trees as possible. Racemes 
were tagged when the styles were partially emerged on 
two-thirds of the flowers. At several locations additional 
racemes were tagged a second time two to four weeks after 
the initial tagging date if an insufficient number of 
racemes had been tagged initially.
It was necessary to determine the beginning and end of 
initial nut set and final nut set. Urata (1954) considered 
that initial nut set in macadamias was completed 
approximately 15 days after anthesis. The majority of nut 
drop occurs within the first eight weeks after anthesis 
(Urata, 1954 and Nagao, 1980). Nuts remaining on the 
raceme after eight weeks were considered the final nut 
set. These time frames were used as guidelines for this 
study, and accordingly nut counts were taken at two-week 
intervals for a period of eight weeks following anthesis.
In the present study, nut set per raceme two weeks 
after anthesis was considered initial nut set and was used 
for the analysis of variance. Racemes with no initial nut 
set were assigned a value of zero and were included in the 
analysis of variance. Initial nut set of all 50 racemes 
per tree was averaged to provide an average initial nut set
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per tree, which was used in analysis of weather data. Nut 
set four weeks after anthesis, used to determine the 
percentage of initial nut set retained at four weeks, was 
obtained by dividing the fourth week's nut set by the 
initial nut set per raceme. This was done to try to 
determine if environmental factors caused a reduction in 
initial set during that two-week interval. Nut set per 
raceme eight weeks after anthesis was considered final nut 
set and was used in the analysis of variance. The average 
final nut sets of all 50 racemes per tree were used 
together with weather data, to determine what environmental 
effects may have influenced final nut set.
Climatic effects on initial and final nut set, nut 
characteristics and yield were analyzed for different 
phases of growth and development. Phases for initial and 
final nut set were: 1) a carbohydrate accumulation period 
in the leaves covering the 2 months prior to flowering, 2) 
the onset of flowering to initial tagging (anthesis), and 
3) the period from anthesis to 2 weeks after anthesis. The 
climatic variables for the whole eight-week period from 
anthesis to final nut set, also, were examined for effects 
on final nut set.
3.2 Nut Characteristics
Trees used for the nut set study were used for the 
study of nut characteristics. Samples of 125 green husked 
nuts per tree were collected at random off the ground in
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late October at all eight locations. Each sample was husked 
within 24 hours to prevent damage to the kernels from heat 
generated by the decomposing husks. Nuts were dried at 
43°C (116.6 °F) for four days and either cracked 
immediately after drying or stored in plastic bags inside 
air-tight five-gallon drums until cracking.
Nut characteristics studied were percent kernel by 
weight and percent grade 1 kernels. Percent kernel was 
defined as kernel weight divided by in-shell weight after 
drying to one percent moisture content. Percent grade 1 
kernels were determined by the number of kernels that 
floated in tap water divided by the total number of sampled 
nuts. One hundred nuts per tree were used as a sample to 
determine both percent kernel and percent grade 1 kernels.
Percent kernel and percent grade 1 kernels were 
obtained for each cultivar and tree, or replicate. These 
data were used in the analysis of variance and climatic 
data analysis.
Nut characteristics were regressed to the following 
phases of growth and development: 1) the two month period 
prior to flowering, 2) the two months of the flowering 
phase, 3) the endosperm development phase for the next 90 
days when cotyledons are fully developed, 4) the oil 
accumulation phase for the next 70 days, and 5) the period 
from anthesis to final maturity.
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3.3 Yield
Annual yield of individual trees was taken from the 
same trees used in the nut set study. Generally, yield was 
measured as the weight of nuts in-shell. Data from Waiakea 
and both locations in Kea'au were recorded as nuts in-husk, 
which when divided by two gave the approximate in-shell 
yield per tree (personal communication from Dr. Philip 
Ito) .
Yield was regressed with monthly weather data and tree 
age to determine the extent to which these variables 
affected yield.
3.4 Climatic Data and Analysis
Climatic data were recorded daily for each location. 
Daily maximum and minimum temperatures and rainfall were 
available for all locations except Captain Cook, where only 
weekly averages were available. Solar intensity in gram 
calories per centimeter squared (gcal/cm^) was not 
available for Captain Cook, Kainaliu, and Makawao. Solar 
intensity data for both locations at Kea'au were found to 
be inaccurate and were not used in this study. Solar 
intensity data for both Pahala locations were taken one 
mile north of the orchard. The solar intensity data used 
for lower Pahala were from the same elevation as lower 
Pahala. The solar intensity data used for Upper Pahala 
were taken from 91m higher than the orchard. Climatic data
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were transformed to weekly averages, except rainfall which 
was summed weekly.
Because of the limited solar intensity data, regression 
analysis of solar intensity to nut set, nut 
characteristics, and yield was not possible.
Climatic data in periods of time longer than a week 
were obtained by summing or averaging weekly data over the 
period depending on the parameter involved. For example, 
the period of time from anthesis to completion of endosperm 
development is 90 days. Weekly climatic data for that time 
period were added together and an average calculated for 
ease in regression analysis.
3.5 Data Analysis and Presentation
The data were analyzed using 'the Statistical Analysis 
Systems' (SAS) on an IBM model 3081 computer at the 
University of Hawaii Computing Center. The main program 
used for basic analysis of variance and regression analysis 
was PROC GLM because it handles unbalanced data.
Type I, sequential, forward stepwise regression 
analysis was used exclusively to regress independent 
variables (X) to dependant variables (Y). Type I 
regression analysis was chosen because it adjusts each 
successive X variable entered into the model statement for 
variation caused by preceding X variable, or variables, in 
a multiple regression equation. This allows a more 
accurate interpretation of the effect of each X variables
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on the Y variable. For example, tree age in this study had 
a greater effect than temperature or rainfall on yield of 
macadamia trees. Because of this, tree age is entered into 
the regression equation first, followed by temperature and 
rainfall. Variation caused by tree age is then removed 
from the model first, allowing a more accurate analysis of 
the effects of temperature and rainfall on yield.
Results of the regression analysis for each Y variable 
and cultivar will be displayed in figures within the 
results and discussion section. The SAS log used to 
develop each figure will be included in the appendix.
Each figure will contain the Type I regression equation 
for a particular Y variable and cultivar, actual data shown 
as oval dots, and regression lines generated from the 
regression equation. Regression lines shown will be a 
section of a response surface between two X variables, 
showing low, median, and high levels of an X variable taken 
from the actual data. Regression equations with more than 
two X variables in the model will be shown at a fixed level 
of one or more of the X variables, since only two X 
variables can be displayed in one figure. There will not 
be any extrapolation beyond the field measured X variables 
used to generate the regression equation, since this is 
likely to result in erroneous estimates of Y variables.
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CHAPTER IV 
RESULTS AND DISCUSSION
4.1 Initial Nut Set
No difference in initial nut set was found between
cultivars (Table 3). |The significance of the location by
cultivar interaction Indicates that the performance of the
individual cultivars was not the same at each location.
Individual cultivars,|also, differed in initial nut sets
within tagging dates.; This is indicated by the significant
cultivar by tag interaction
Data in table 4 indicate that initial nut set of
'Keauhou' was highest' at Makawao, Captain Cook, and
Kainaliu. These locations had the lowest maximum
temperatures of 18, 21.5, and 24°C respectively. The
results of regression, analysis on trees of 'Keauhou' to
weather variables (Figure 1) indicate that decreasing
maximum temperatures increased initial nut set. The low
maximum temperatures between anthesis and initial nut set
at the three locations was related to the higher initial
nut sets there. The regression lines in figure 1 show that
initial nut set decreased not only in association with
increased maximum temperature, but in association with
increased rainfall as! well. Trees of 'Keauhou' at Waiakea
had the second lowest: initial nut set of 3.8 nuts per
raceme. This was associated with the highest rainfall of
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Table 3: Analysis of variance of initial nut set with
eight locations in Hawaii, three macadamia cultivars, over 
three-years, and two tagging dates in 1979 and 1980.
Source DF
Year 2
Year*Rep (ERROR A) 6
Location 7
Year*Location 13
Rep*Location(Year) (ERROR B) 34
Tag 1
Tag*Cultivar 2
Tag*Location*Cultivar 14
Cultivar 2
Year*Cultivar 4
Location*Cultivar 1
Year*Location*Cultivar 21
Error (C) 95
MS 
309.66 
90.34 
1477.38 
109.11 
40.17 
7.08
64.08 
219.52 
187.98
30.12 
651.89
81.08 
20.47
F
NO TEST
36.78
2.72
0.35 
3. 13 
10.71 
9.18 
1.47 
31.84 
3.96
**
**
*
**
**
hie
F values followed by *, ** are significant at the 0.05 and 
0.01 probability level, respectively.
Table 4. Mean initial nut set (nuts/raceme) means 
for three macadamia cultivars at eight locations in 
Hawaii. The means were averaged over a three-year period.
Location 
Captain Cook 
Kainaliu 
Kea'au (makai) 
Kea'au (mavika) 
Lower Pahala 
Makawao 
Upper Pahala 
Waiakea
Keauhou Ka'u
31.8
20.4
b
c
7.1 de
5.8 e 
38.8 a 
12.3 d
3.8 e
26.0 
7.5 
12.9 
17.7 
16.1 be 
5.1 de 
3.9 e
a
d
c
b
Kea'au
d
b
1.6 
7.1 
4.5 be 
47.2 a 
3.4 cd 
4.0 cd
Means within the same cultivar not followed by the same 
letter are different at the 5 percent probability level 
according to Duncan's Multiple Range Test and were 
confirmed by single degree of freedom regression analysis.
MAXIMUM TEMPERATURE (C)
Figure 1. Effect of maximum temperature ffc, MAXT) and three levels of rainfall (cm, FIAIN) on initial nut set per 
raceme of 'Keauhou’ macadamia over three-years at eight locations in Hawaii. MAXT was averaged and RAIN 
was summed at each location from the two week period of anthesis to initial nut set. Initial nut set was averaged yearly 
for each replicate at each location. Regression analysis results are in appendix Table 13. ro
all locations of 91 cm during the two weeks from anthesis 
to initial nut set.
As rainfall increased over the range of 0.5 to 95 cm 
during the two weeks following anthesis, initial nut set 
decreased on trees of 'Ka'u' (Figure 2). During the same 
time maximum temperatures from 18 to 22°C were related to 
an increase in initial nut set, but were related to a 
reduction of initial nut set with maximum temperatures 
above 22°C. Initial nut set of 3.9 nuts per raceme for 
trees of 'Ka'u' was lowest at Waiakea (Table 4) and was 
associated with the highest rainfall of all locations of 91 
cm, and the second lowest solar intensity of 211 
gcal/cm^. Upper Pahala had the second lowest initial nut 
set with a low rainfall of 0.81 cm, but had a relatively 
high maximum temperature of 27°C compared to other 
locations. Ka'u trees at Kainaliu had the highest initial 
nut set of 26.0 nuts per raceme, and was associated with a 
maximum temperature of 24°C, which appears to be in the 
optimum range for initial nut set for that cultivar.
Increased maximum temperature was related to a decrease 
in initial nut set of 'Kea'au' macadamia (Figure 3).
Initial nut set of the trees at Makawao was the highest of 
all locations (Table 4), and was related to the lowest 
maximum temperature (18°C) of all locations. Maximum 
temperature ranged from 22°C to 30°C at other 
locations.
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MAXIMUM TEMPERATURE (C)
Figure 2. Effect of maximum temperature f t ,  MAXT) and three levels of rainfall (cm, RAIN) on initial nut set 
per raceme of 'Ka’u’ macadamia over three-years at eight locations in Hawaii. MAXT was averaged and RAIN 
was summed at each location from the two week period of anthesis to initial nut set. Initial nut set was averaged 
yearly for each replicate at each location. Regression analysis results are in appendix Table 14. rocr\
MAXIMUM TEMPERATURE (C)
Figure 3. Effect of maximum temperature MAXT) and three levels of rainfall (cm, RAIN) on initial nut set 
per raceme of 'Kea’au’ macadamia over three-years at eight locations in Hawaii. MAXT was averaged and 
RAIN was summed at each location from the two week period of anthesis to initial nut set. Initial nut set was 
averaged yearly for each replicate at each location. Regression analysis results are in appendix Table 15. •-J
Data for the cultivar by tagging date interaction shown 
in Table 3 are in Table 5. The second tagging of racemes 
for 'Keauhou' and 'Ka'u' was done at Captain Cook, Makawao 
and both Kea'au locations. Low maximum temperatures at 
Captain Cook and Makawao, were associated with higher 
initial nut set for both cultivars compared to the average 
for each cultivar of all locations combined in the first 
tagging. The higher initial nut set at the cooler 
locations in the second tagging caused the interaction.
Table 5. Initial nut set means for the three cultivars 
at two tagging dates. Initial nut set means were averaged 
over eight locations and three-years.
Time of Tagging
Cultivar ___ 1________2
Keauhou 7.9b 20.6a
Ka'u 10.7b 13.6a
Kea'au 6.4a 6.6a
Tag numbers of the same cultivar not followed by the same
letter are different at the 5 percent probability level 
according to Duncan's Multiple Range Test and was confirmed 
by single degree of freedom regression analysis.
No apparent effect of temperature or rainfall on 
initial nut set was found in either the carbohydrate 
accumulation phase or the flowering phase preceding 
anthesis.
Low maximum temperatures appeared to slow down the 
development of nuts of all three cultivars. Nuts set at 
two weeks after anthesis at Captain Cook, Makawao, and 
Kainaliu were visually different from nuts set at other
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locations. Their ovaries had not begun to enlarge and in 
many cases flower parts were still attached to the 
ovaries. Nuts at warmer locations such as Kea'au, Waiakea, 
and lower Pahala were noticeably larger, free from flower 
parts, and their ovaries had begun to enlarge.
These observations and the results of regression 
analysis of maximum temperature on initial nut set agree 
closely with the results reported by Stephenson and 
Gallagher (1987), who found that nut retention of macadamia 
cultivars Keauhou, Ka'u, and Kea'au grown under controlled 
environment conditions decreased with increasing maximum 
temperature in a range of 15 to 30°C. The range of 
maximum temperatures over all eight locations in this study 
was 18 to 30°C, which is nearly the same as in Stephenson 
and Gallagher's study. The response of both 'Keauhou' and 
'Kea'au' was similar to that in Stephenson and Gallagher's 
study, and 'Ka'u' generally followed their results. 
Stephenson and Gallagher felt that the greater retention of 
nuts at low day temperature was associated with slower nut 
growth at those temperatures which may delay a critical 
stage when nuts are most sensitive to competition. The 
slower growth of nuts at cool day temperatures, primarily 
at or below maximum temperatures of 20°C between anthesis 
and initial nut set was observed on 'Keauhou' and 'Kea'au' 
trees.
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The decrease of initial nut set of all cultivars with 
high rainfall appeared to be due primarily to diseases of 
the raceme such as botrytis and/or phytophthora. Both 
diseases were observed during the study at locations with 
rainfall in excess of 25.4 cm during the initial nut set 
phase. These two diseases infected racemes of trees at 
both locations in Kea'au, Waiakea, and upper Pahala in all 
three years of the study. All of the locations had high 
rainfall and high maximum temperatures during the initial 
nut set phase with the exception of upper Pahala where days 
were warm, humid, and overcast. This agrees with Hunter 
and Kunimoto (1973) and Hunter et al. (1971) who found that 
botrytis and phytophthora infections of macadamia racemes 
can reduce nut set significantly under similar weather 
conditions. Cooler and drier locations such as Kainaliu, 
Captain Cook, and Makawao did not have a problem with these 
diseases.
Stephenson and Gallagher (1987) found that water stress 
especially at day temperatures of 15 and 20°C caused a 
reduction in nut set of macadamia. There was no indication 
of decreased initial nut set due to water stress at any 
location in this study, which may indicate that trees in 
this study had adequate moisture.
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4.2 Nut Set - Fourth Week
Figure 4 shows the average nuts per raceme of each 
cultivar averaged over three years at all locations from 
initial nut set to final nut set by two-week intervals. It 
is evident that the greatest nut drop occurred between two 
to four weeks following anthesis. These results agree with 
those of Sakai and Nagao (1985), who found that there was a 
rapid abscission of nuts from three to eight weeks after 
anthesis. Stephenson and Gallagher (1987), also, reported 
that nut drop continued up to six weeks for trees of 
'Keauhou', 'Ka'u', and 'Kea'au' grown in glass houses at 25 
and 30°C, and up to eight weeks at 15°C. 'Keauhou' 
trees had the greatest nut drop from an average initial nut 
set of 17.5 nuts per raceme to 3.5 nuts per raceme at four 
weeks. Nut set two to four weeks after anthesis of 'Ka'u' 
dropped from 12.8 to 3.1 , and 'Kea'au' from 4.1 to 2.2 
nuts per raceme. Further nut drop of 'Ka'u' and 'Kea'au' 
occurred between four to six weeks after anthesis, then 
began to level off between six to eight weeks, this 
indicates that final nut set for 'Ka'u' and 'Kea'au was 
achieved somewhere between the sixth to eighth week after 
anthesis. This supports Sakai and Nagao (1980, 1985) who 
found that the greatest amount of abscission occurred in 
the first seven to eight weeks after anthesis. Nut drop of 
'Keauhou' continued linearly from four weeks to eight weeks
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WEEKS AFTER ANTHESIS
Figure 4. Effect of time (weeks) after anthesis on the average number of nuts set per raceme of three macadamia 
cultivars at eight locations over a three-year period in Hawaii. Data points were averaged by cultivar over all eight
locations. U)K)
after anthesis. Further nut drop up to 10 weeks for trees 
of 'Keauhou' was not statistically significant.
Since the greatest amount of nut drop for all macadamia 
cultivars occurred during the period from two to four weeks 
after anthesis, a detailed analysis by cultivar was done 
for that period to determine the cause of the drop. The 
analysis was based on the nuts per raceme at four weeks 
after anthesis divided by the nuts per raceme at two weeks 
(percent nut retention), determined by replicates within 
cultivars at each location over a three-year period.
Increasing maximum temperature and rainfall during the 
two weeks after initial nut set was related to an increase 
in percent nut retention in 'Keauhou' and 'Ka'u' trees 
(Figures 29, 30, appendix). Percent nut retention of 
'Kea'au' trees responded to maximum temperature in the same 
way as the other two cultivars, but did not respond to 
rainfall (Figure 31, appendix). When actual nut set per 
raceme four weeks after anthesis of the three cultivars 
were related to climatic factors, it was found to decrease 
with increasing rainfall and maximum temperature during 
that period for 'Keauhou' and 'Ka'u' trees (Figures 5, 6,
7). Nut set in 'Kea'au' trees decreased with increasing 
maximum temperature but was not affected by rainfall 
(Figure 8).
Low maximum temperatures slowed down nut development 
and resulted in higher initial nut set at some locations
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RAINFALL (CM)
Figure 5. Effect of rainfall (cm, RAIN) and three levels of maximum temperature f t ,  MAXT) with constant 
minimum temperature MINT) on fourth week nut set per replicate of 'Keauhou’ macadamia at eight 
locations in Hawaii, over three-years. MAXT was averaged and RAIN was summed at each location during 
the two weeks following initial nut set. Regression analysis results are in appendix Table 16. U)
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Figure 6. Effect of minimum temperature (*b, MINT) and three levels of maximum temperature f t ,  MAXT) with 
rainfall (cm, RAIN) held constant, on fourth week nut set per replicate of 'Keauhou’ macadamia at eight locations 
in Hawaii, over three-years. MAXT and MINT were averaged at each location during the two weeks following 
initial nut set. Regression analysis results are in Table 16. U)cn
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Figure 7. Effect of rainfall (cm, RAIN) and three levels of maximum temperature ( ^ ,  MAXT) on fourth 
week nut set per replicate of 'Ka’u’ macadamia at eight locations in Hawaii, over three-years. MAXT was 
averaged and RAIN was summed at each location during the two weeks following initial nut set. Regression 
analysis results are in appendix Table 17. CO
MAXIMUM TEMPERATURE (C)
Figure 8. Effect of maximum temperature MAXT) on fourth week nut set per replicate of 'Kea’au’ 
macadamia at eight locations in Hawaii, over three-years. MAXT was averaged at each location during the 
two weeks following initial nut set. Regression analysis results are in appendix Table 18. U)-o
(Section 4.1). This occurred particularly on trees at 
Makawao and Captain Cook where maximum temperatures were 
below 22°C during the initial nut set phase, and to a 
lesser extent at Kainaliu with a maximum temperature of 
24°C. Trees of all three cultivars at these locations 
had low percent nut retention compared to trees at warmer 
locations (Figures 29, 30, 31). However, those trees had 
more nuts per raceme than trees at warmer locations 
(Figures 5, 6, 7, 8).
This indicates that nut drop that occurred two weeks 
after anthesis at locations with higher maximum 
temperatures and more rainy conditions, was delayed by low 
maximum temperatures and occurred between the second and 
fourth weeks after anthesis at locations with low maximum 
temperatures. Based on these results, initial nut set did 
not occur until the third or fourth week after anthesis at 
locations with maximum temperatures at or below 24°C. 
Percent nut retention values at locations at or below 
24°C based on an initial nut set two weeks after anthesis 
are not valid and can lead to inaccurate results.
Increased rainfall between anthesis and initial nut set 
caused a reduction in initial nut set primarily due to 
disease. Both 'Keauhou' and 'Ka'u' continued to follow the 
same trend of reduced nut set with increased rainfall 
during the fourth week nut set.
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Maximum temperatures at or below 24°C delayed 
abscission of nuts of all three cultivars until the fourth 
week after anthesis. This agrees with Stephenson and 
Gallagher (1987) who reported similar results with the same 
three macadamia cultivars. They found that nut drop 
continued for six weeks with maximum temperatures of 25 and 
30°C, but took eight weeks at 15°C while the racemes, 
also, retained the greatest number of nuts at that 
temperature.
Stephenson and Gallagher (1987), also, found that 
increased maximum temperature in a range of 15 to 30°C 
decreased percent nut retention between two to 4.5 weeks 
after initial nut set on trees of 'Keauhou', 'Ka'u', and 
'Kea'au'. This conflicts with the results of this study in 
regard to percent nut retention at four weeks after 
anthesis. However, when compared to the regression of 
actual nuts per raceme (Figures 5, 6, 7) there is close 
agreement that increased maximum temperature decreases nut 
set at four weeks.
Future studies of temperature effects on nut set should 
avoid using percent nut retention based on initial nut set 
at two weeks after anthesis due to a bias introduced at 
locations with maximum temperatures below 24°C. Actual 
nuts per raceme counts were more accurate in this study.
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4.3 Final Nut Set
The analysis of variance for final nut set per raceme 
showed a difference between the three cultivars (Table 6). 
Final nut set of individual cultivars differed not only 
between locations but, also, between years at individual 
locations as well (Tables 6, 7).
Rainfall had the greatest effect on final nut set per 
raceme on trees of 'Keauhou', with three times the mean 
square due to rainfall than any other significant variable 
had on final nut set (Table 19, appendix). A rainfall of 
100 cm during the eight weeks of final nut set appears to 
have been optimum (Figure 9). Final nut set showed a 
slight increase with minimum temperatures from 8 to 14°C 
but decreased after 14°C (Figures 9, 10). Higher 
rainfall in 1979 of 35 cm compared to 0.5 cm in 1980 during 
the final nut set phase at lower Pahala caused the final 
nut set of 'Keauhou' to be higher in 1979 (Table 7). The 
overall final nut set for 'Keauhou' trees at lower Pahala 
was low compared to other locations due to the low rainfall 
and high minimum temperature of 18 and 19.3°C in 1979 and 
1980 respectively. At Makawao, excessive rainfall of 212 
cm in 1980, and low rainfall of 32 cm in 1981 resulted in 
final nut set for 'Keauhou' trees in those two years to be 
lower than that in 1979, when rainfall was optimum at 95 
cm.
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Table 6. Analysis of variance of final nut set of 
three macadamia cultivars at eight locations in Hawaii, 
over three-years. There were two tagging dates at five 
locations in 1979 and 1980.
Source DF MS F
Year 2 13.60 NO TEST
Year*Rep (ERROR A) 6 0.43
Location 7 6.69 27.11 **
Location*Year 13 1.14 4.60 * *
Location*Rep(Year) (ERROR B) 3 2.80
Cultivar 2 1.95 6.23 * *
Year*Cultivar 4 1.02 3.24 **
Location*Cultivar 10 1.72 5.49 * *
Location*Year*Cultivar 22 1.32 4.21 **
Tag 1 2.92 9.34 **
Cultivar*Tag 2 0.32 1.02
Year*Cultivar*Tag 3 0.73 2.34
Error (C) 97 0.31
F values followed by * or ** are significant at the .05 or 
.01 probability levels, respectively.
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Table 7. Means of final nut set per raceme for three 
macadamia cultivars at eight locations over a three-year 
period in Hawaii.
Location Year Keauhou
Cultivars
Ka'u Kea'au
Captain Cook 1979 0.32 b » mm , _
1980 1. 03 a -- --
1981 1.28 a ““ —
Kainaliu 1979 0.68 b 1. 67 b „
1980 0.43 b 1.22 b --
1981 2.34 a 4.35 a
Kea'au (makai) 1979 0.47 c
1980 — 0.93 b 0.46
1981 2.18 a
Kea'au (mauka) 1979 0.77 b 1.02 b
1980 1.52 a 1.18 a 0.86 b
1981 1.74 a 2.48 a
Lower Pahala 1979 0.65 a 1.08 b 0.84 b
1980 0.18 b 3.18 a 1.14 a
1981 ” “ * ”
Makawao 1979 3.03 a 2.15 b
1980 1.20 b 2.61 b 2.45
1981 1.52 b 5.76 a —
Upper Pahala 1979 0.82 b 1.50 a
1980 1.41 0.51 b 0.39 b
1981 * * 0.91 a ••
Waiakea 1979 0.47 b 0.35 b 0.22 c
1980 0.61 b 0.53 b 0.79 b
1981 1.15 a 1.34 a 1.40 a
Means of the same cultivar at individual locations not 
followed by the same letter are different at the 5 percent 
probability level according to Duncan's Multiple Range Test 
and was confirmed by single degree of freedom regression 
analysis.
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Figure 9. Effect of minimum temperature PC, MINT) and four levels of rainfall (cm, RAIN) on final nut set (FNS) of 
'Keauhou’ macadamia at eight locations in Hawaii, over three-years. MINT was averaged and RAIN was summed 
yearly at each location over the eight week period from anthesis to FNS. FNS was averaged yearly for each 
location and replicate. Regression analysis results are in appendix Table 19. CjO
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Figure 10. Effect of maximum temperature f t ,  MAXT), four levels of rainfall (cm, RAIN), and fixed minimum 
temperature f b ,  MINT) on final nut set (FNS) of 'Keauhou’ macadamia at eight locations in Hawaii, over three- 
years. MAXT was averaged and RAIN summed yearly at each location over the eight week period from anthesis 
to FNS. FNS was averaged yearly for each location and replicate. Regression analysis results are in Table 20. ►IS*
Increased minimum temperature and rainfall during the 
eight weeks of the final nut set phase were related to a 
decrease of final nut set per raceme on trees of 'Ka'u' 
(Figures 11, 12). Minimum temperature was the most 
important variable affecting final nut set of 'Ka'u' trees, 
and had roughly twice the mean square due to minimum 
temperature than rainfall had (Table 21, appendix). Trees 
at Makawao and Kainaliu where minimum temperatures were 14 
to 15.5°C had consistently higher final nut sets than 
trees at upper Pahala, Waiakea, and Kea'au where minimum 
temperatures ranged from 16 to 20°C (Table 7). Despite 
this, nearly every difference of final nut set between 
years on trees of 'Ka'u' at individual locations in Table 
6, was related primarily to decreasing rainfall from one 
year to the next. At Kainaliu rainfall during the final 
nut set phase in 1981 was 12 cm compared to an average of 
27 cm the previous two years. Rainfall at Kea'au (makai) 
decreased each year from 215 cm in 1979, 133 cm in 1980, 
and 24 cm in 1981, and caused a significant increase in 
final nut set each year. The lowest minimum temperature in 
three years, 1981, also, contributed to the high final nut 
set on trees of 'Ka'u' at Kea'au (makai). At Makawao, the 
highest nut set of all years was caused by the lowest 
minimum temperature and rainfall of 14°C and 32 cm 
respectively.
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Figure 11. Effect of minimum temperature f t ,  MINT) and four levels of rainfall (cm, RAIN) on final nut set (FNS) of 
'Ka’u' macadamia at eight locations in Hawaii, over three-years. MINT was averaged and RAIN was summed 
yearly at each location over the eight week period from anthesis to FNS. FNS was averaged yearly for each 
location and replicate. Regression analysis results are in appendix Table 21. CT>
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Figure 12. Effect of maximum temperature MAXT), four levels of rainfall (cm, RAIN), and fixed minimum 
temperature (9d, MINT) on final nut set (FNS) of 'Ka’u' macadamia at eight locations in Hawaii, over three- 
years. MAXT was averaged and RAIN summed yearly at each location over the eight week period from anthesis 
to FNS. FNS was averaged yearly for each location and replicate. Regression analysis results are in Table 21. -J
Trees of 'Kea'au' had lower final nut set per raceme 
with increasing minimum temperature and rainfall, and 
increased final nut set with increased maximum temperature 
(Figures 13, 14). Final nut set on trees of 'Kea'au' was 
higher in 1981 than other years (Table 7). This was 
associated with a minimum temperature of 16°C compared to 
16.6 and 17.4°C, rainfall of 45 cm compared to 134 and 
215 cm, and a maximum temperature of 29°C compared to 27 
and 26°C in previous years. Higher final nut set on 
trees at lower Pahala was associated with a rainfall of 0.5 
cm compared to 35 cm, and maximum temperature of 29°C 
compared to 26°C the previous year. The same trend was 
followed at Waiakea where low rainfall during the eight 
weeks of final nut set in 1981 of 29 cm was associated with 
the highest final nut set compared to previous years where 
rainfall was in excess of 200 cm each year.
Cormack and Bate (1976) found that carbohydrate 
accumulation peaked in macadamia leaves two months prior to 
flowering, but was quickly used up by flowering and growth 
flushes. During this same period of time increasing 
maximum temperature had a detrimental effect on final nut 
set on 'Keauhou' trees during the carbohydrate accumulation 
period. Minimum temperatures above 14 to 15°C, also, had 
a detrimental effect on final nut set on trees of 'Keauhou' 
(Table 12, appendix). Similarly, minimum temperatures 
above 13°C had a detrimental effect on final nut set on
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MINIMUM TEMPERATURE (C)
Figure 13. Effect of minimum temperature f t ,  MINT) and four levels of rainfall (cm, RAIN) on final nut set (FNS) of 
'Kea’au' macadamia at eight locations in Hawaii, over three-years. MINT was averaged and RAIN was summed 
yearly at each location over the eight week period from anthesis to FNS. FNS was averaged yearly for each 
location and replicate. Regression analysis results are in appendix Table 22.
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Figure 14. Effect of maximum temperature f t ,  MAXT), four levels of rainfall (cm, RAIN), and fixed minimum 
temperature (93, MINT) on final nut set (FNS) of 'Kea’au’ macadamia at eight locations in Hawaii, over three- 
years. MAXT was averaged and RAIN summed yearly at each location over the eight week period from anthesis 
to FNS. FNS was averaged yearly for each location and replicate. Regression analysis results are in Table 22.
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'Ka'u' trees. No effect of temperature or rainfall on 
'Kea'au' trees was found during this period.
Allan and De Jager (1978) found that photosynthate 
production of 'Keauhou' trees was greatest up to 25°C and 
dropped off sharply after 26°C. This may explain the 
negative response of 'Keauhou' trees to increasing maximum 
temperature. Higher maximum temperatures could lead to 
lower carbohydrate accumulation prior to flowering which 
could ultimately affect final nut set. A 75 percent 
increase in night respiration on 'Keauhou' trees at minimum 
temperatures of 29°C compared to 18 to 19*^ C was , also, 
reported by Allan and De Jager (1978). This research by 
Allan and DeJagger (1978) may explain the negative effect 
of increased minimum temperature being associated with a 
decrease of final nut set on 'Keauhou' and 'Ka'u' trees 
above 13 to 14°C during the carbohydrate accumulation 
period. Cormack and Bate (1976) found that carbohydrate 
reserves were depleted during flowering of macadamias.
Since carbohydrate reserves are depleted during flowering, 
increasing minimum temperatures during the carbohydrate 
accumulation period could cause a reduction in carbohydrate 
accumulation that becomes a limiting factor in the trees 
during flowering and subsequently in nut set.
During the flowering period prior to final nut set all 
three cultivars had a negative response to increasing 
minimum temperature above 13 to 14°C, with the
51
exception of trees of 'Keauhou' where temperatures from 8 
to 14°C were beneficial to subsequent final nut set 
(Table 12, appendix). Since carbohydrate reserves are 
depleted during flowering, it appears that high minimum 
temperatures, above 14°C, led to greater night 
respiration during flowering when carbohydrate reserves are 
already depleted. This may ultimately lead to reduced 
final nut set due to lowered photosynthate to supply energy 
to developing nuts.
Stephenson and Gallagher (1986) reported that J. Stock 
in Australia had removed 75 percent of the racemes from 
macadamia trees and found no reduction in yield. They 
suggested that considerable amounts of assimilate are used 
on excess flowering, and that yield compensation occurs in 
macadamia by increased nut set on the remaining racemes.
An indication of the limitation of final nut set due to 
carbohydrate levels during flowering may be indicated by 
the negative impact minimum temperatures from above 14°C 
during flowering had on final nut set of all three 
cultivars (Table 12, appendix). Higher minimum 
temperatures prior to flowering, during flowering, and in 
the final nut set phase could lead to greater night 
respiration and loss of assimilate that decreases the final 
nut set by limiting the energy available to sustain the 
nuts.
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Sakai and Nagao (3.985) reported that between the third 
to eighth week after anthesis there is a rapid increase in 
growth of macadamia nuts. This rapid growth of young 
macadamia nuts requires energy, which makes the energy 
status of the tree important. Nagao and Sakai (1990) 
reported that racemes on girdled macadamia branches had 
more nuts than control trees. Since girdling causes 
carbohydrate to accumulate above the girdle, the increase 
in nuts per raceme on girdled branches was due to increased 
carbohydrate supply. Stephenson et al. (1989) reported 
that carbohydrate stored in the wood and bark of macadamia 
trunks was heavily drawn upon by reproductive growth. This 
indicates that current photosynthate production was not 
enough for the developing nuts. Based on this research it 
appears that greater respiration caused by higher night 
temperatures may reduce carbohydrate availability and could 
again be a limiting factor during the final nut set phase 
when photosynthate is needed to support rapidly developing 
nuts.
The results of final nut set in 1981 (Table 7) agree 
with Stephenson and Gallagher's suggestion of yield 
compensation in macadamia. With the exception of trees at 
Makawao, final nut set was significantly higher in 1981 at 
all locations than in all other years. This was caused by 
a drought that had begun on the island of Hawaii in January 
of that year, and flowering at all locations was sparse
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compared to previous years. Where easily 50 racemes per 
tree were tagged in the previous two years, only 10 to 20 
racemes were tagged due to lack of racemes in 1981. Dried, 
dead racemes were observed at all locations on the island 
of Hawaii, particularly at both locations in Kea'au, upper 
Pahala, and Waiakea. Despite fewer racemes and the lowest 
rainfall in the three years of the study, most trees had 
nearly twice the final nut set compared to the previous two 
years. These results support Stephenson and Gallagher's 
(1986) suggestion of yield compensation by setting more 
nuts per raceme when the number of racemes is reduced.
This is further verified by a grower at both locations at 
Kea'au reporting that yield in 1981 was their highest on 
record. Also, because of evidence of yield compensation, 
it is apparent that macadamia trees produce an excess 
number of racemes, causing a depletion of carbohydrate as 
further suggested by Stephenson and Gallagher (1986).
Severe water stress was found to decrease final nut set 
especially at five to six weeks after anthesis on trees of 
'Keauhou', 'Ka'u', and 'Kea'au' in controlled environment 
studies in Australia (Stephenson and Gallagher, 1987).
Only 'Keauhou' trees had reduced final nut set due to low 
rainfall during the 8 weeks of final nut set, with an 
optimum range of about 100 cm of rainfall. Both 'Ka'u' and 
'Kea'au' trees were related to lower final nut set with 
increasing rainfall in a range of 1 to 222 cm of rainfall.
54
55
'Ka'u' and 'Kea'au' trees have higher final nut set with 
low rainfall, and 'Keauhou' at higher levels of rainfall.
Botrytis and phytophthora were found by Hunter and 
Kunimoto (1973) and Hunter et al. (1971) to reduce nut set 
in macadamia. Both of these diseases were observed on 
trees sampled during the first two years of this study when 
rainfall was highest in Kea'au, Waiakea, and upper Pahala 
and final nut sets were low. Botrytis was particularly 
prevalent, and was observed to cover all the flowers on 
each raceme on those trees.
Allan and De Jager (1978) reported that reduced light 
intensity reduced photosynthate production in 'Keauhou' 
trees. Radspinner (1970) suggested that rainfall prior to 
flowering reduced nut size and weight. He suggested that 
rainfall could be an indication of cloud cover that reduced 
photosynthesis and ultimately effected nut weight and 
size. This could be a possible reason for increasing 
rainfall being related to a reduction of final nut set. 
Cloud cover caused by increasing rainfall could reduce 
photosynthesis and ultimately affect the final nut set by 
limiting photosynthate production. Data collected from 
several locations indicate that rainfall may be closely 
associated with cloud cover. When total rainfall over the 
eight week period of final nut set decreased from one year 
to the next, the average solar intensity (gcal/cm^) 
increased at all five locations solar intensity data was
collected. For example, at Waiakea when rainfall decreased 
from 87 to 11 cm, solar intensity increased from 211 to 330 
gcal/cm^ respectively. Future research on nut set should 
include, analyzing for carbohydrate levels in both leaves 
and woody tissues, and solar intensity should be monitored 
to determine the role of solar intensity in final nut set.
Stephenson and Gallagher (1987) found that macadamia 
nut retention decreased with increasing maximum temperature 
from 15 to 30°C. Results of regression indicate that 
'Keauhou' trees responded similarly to increasing maximum 
temperature, with reduced final nut set. However, 'Kea'au' 
trees had increased final nut set with increasing maximum 
temperature up to 30°C, which is the upper limit of the 
data. Since Allan and De Jager (1978) found that 
photosynthesis in 'Keauhou' trees decreased sharply with 
temperatures above 26°C, photosynthesis is not the reason 
for the 'Kea'au' trees response unless they are able to 
photosynthesize at higher temperatures. The two cultivars 
do have different tolerances to rainfall, so perhaps they, 
also, have different tolerances in the range of 
photosynthetic activity.
4.4 Nut characteristics
4.4.1 Percent Kernel
Of the three main effects in the analysis of variance 
for percent kernel, only cultivar was significant (Table
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8). The interaction of location by cultivar was 
significant, indicating that the performance of the 
cultivars was not the same at all locations. The 
interactions of location by year and cultivar by year were 
not significant indicating that performance was consistent 
over locations and years.
Percent kernel of 'Keauhou' trees was significantly 
higher at Kainaliu than at Kea'au (mauka). Percent kernel 
of trees at all other locations was not different from 
either of those locations (Table 9). This difference was 
associated with the response 'Keauhou' trees had to 
increasing maximum temperature during the 90 days after 
anthesis. A slight increase of percent kernel occurred 
from 21 to 26°C, followed by a sharper decrease to 30°C 
(Figure 15). Maximum temperature was 26°C at Kainaliu 
where percent kernel was 38.4 percent. Percent kernel of 
trees at Kea'au (mauka) was 35.8 percent and was associated 
with the highest maximum temperature of all locations at 
29°C.
Percent kernel varied from 33.6 to 40.2 percent for 
trees of 'Ka'u' (Table 9). Trees at Kainaliu and upper 
Pahala had the highest percent kernel of 40.2 and 38.3 
percent, respectively, while trees at Makawao and lower 
Pahala were in the lowest group.
Increasing minimum and maximum temperatures during the 
first 90 days after anthesis was related to an increase in
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Table 8. Analysis of variance of percent kernel and 
percent grade 1 kernels at eight locations in Hawaii, with 
three cultivars, over a three-year period.
Percent kernel;
Source DF MS F
Year 2 0.00174 NO TES-:
Year*Rep (ERROR A) 6 0.00091
Location 3 0.00037 1.06
Year*Location 3 0.00102 2.92
Rep*Location(Year) (ERROR B) 8 0.00039
Cultivar 2 0.00630 13.94
Year*Cultivar 4 0.00052 1.15
Location*Cultivar 6 0.00140 3.11
Year*Location*Cultivar 5 0.00030 0.66
Error (C) 20 0.00045
Percent grade 1 kernels:
Year 2 0.01100 NO TEST
Year*Rep (ERROR A) 6 0.01260
Location 3 0.00900 1.84
Year*Location 3 0.00306 0.62
Rep*Location(Year) (ERROR B) 8 0.00580
Cultivar 2 0.15940 41.21
Year*Cultivar 4 0.02886 7.46
Location*Cultivar 6 0.00350 0.90
Year*Location*Cultivar 5 0.00130 0.34
Error (C) 20 0.00387
* *
**
**
F values followed by ** are significant at the .01 
probability level.
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Table 9. Percent kernel and percent grade 1 kernel 
means for eight locations and three macadamia cultivars in 
Hawaii.
Percent kernel:
Cultivar
Location Keauhou Ka'u Kea' au
Captain Cook 37.8 ab — —
Kainaliu 38.4 a 40.2 a 38.4 a
Kea'au (makai) — 35.9 be —
Kea'au (mauka) 35.8 b 35.4 be 38.9 a
Lower Pahala 37.2 ab 33.6 c 40.6 a
Makawao 38.0 ab 34.8 c —
Upper Pahala — 38.8 ab 40.0 a
Waiakea 37.5 ab 36.0 be 40.9 a
Percent grade 1 kernels:
Cultivar
Location Keauhou Ka'u Kea'
Captain Cook 82.1 ab — —
Kainaliu 72.1 ab 94.8 a 88.3 a
Kea'au (makai) — 94.5 a —
Kea'au (mauka) 92.5 a 92.5 a 95.8 a
Lower Pahala 64.0 b 96.0 a 94.8 a
Makawao 83.8 ab 80.8 b —
Upper Pahala — 98.0 a 94.8 a
Waiakea 73.2 ab 87.7 b 90.0 a
Means of the same cultivar not followed by the same letter 
are different at the 5 percent probability level according 
to Duncan's Multiple Range Test and was confirmed by single 
degree of freedom regression analysis.
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Figure 15. Effect of maximum temperature ( b ,  MAXT) and tree age (AGE) on percent kernel (PK) of 'Keauhou’ 
macadamia at eight locations in Hawaii, over three-years. MAXT was averaged yearly at each location from 
the time of anthesis to nut drop. PK was calculated for each cultivar and replicate, whenever possible. 
Regression analysis results are in appendix Table 23. CT\O
percent kernel up to 18 and 26°C, respectively, on 'Ka'u' 
trees, but was related to a reduction of percent kernel 
above those temperatures (Figures 16, 17). Increased tree 
age was related to reduced percent kernel (Figure 17). 
Maximum and minimum temperatures at Kainaliu were 25.6 and 
17°C, respectively, and were related to higher percent 
kernel for trees at that location. Percent kernel was low 
at Makawao and was related to the lowest maximum 
temperatures of 21 to 22°C, and the oldest trees at 22 to 
24 years. Although trees at lower Pahala were only 9 years 
old, their low percent kernel was related to the highest 
minimum temperature pf 19°C, and a maximum temperature of 
28°C. Both temperatures are beyond the optimum for 
percent kernel. Based on figure 17, it appears that the 
maximum temperature Was primarily responsible for reducing 
percent kernel.
Percent kernel of 'Kea'au' trees did not vary 
significantly from one location to another (Table 8). 
Because there was no difference in percent kernel, it is 
assumed that 'Kea'au^ trees were unaffected by the range of 
maximum and minimum temperatures and tree age at those 
locations. Maximum temperature varied from 25.5 to 29°C, 
minimum temperatures from 16.7 to 19.2°C, and tree age 
from 7 to 21 years.
Stephenson and Gallagher (1986) found that percent 
kernel of 'Keauhou', 'Ka'u', and 'Kea'au' trees increased
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Figure 17. Effect of maximum temperature (93, MAXT), three tree ages, and fixed minimum temperature ( C, MINT) 
on percent kernel (PK) of 'Ka’u’ macadamia at seven locations in Hawaii, over three-years. MINT and MAXT 
were averaged yearly at each location from the time of anthesis to nut drop. PK was calculated for each location 
and replicate. Regression analysis results are in appendix Table 24.
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with increasing maximum temperature from 15 to 30°C and 
decreased from 30 to 35°C in a controlled environment 
study. They found no difference between response of 
cultivars to maximum temperatures. The results of this 
study concerning trees of 'Keauhou' and 'Ka'u' agree with 
Stephenson and Gallagher (1986), although 26°C seemed to 
have the highest percent kernel rather than 30°C as they 
mentioned. Both studies found that as maximum temperature 
increased from 20° in this study, and 15 and 20°C in 
Stephenson and Gallagher's study, percent kernel increased 
followed by a subsequent decrease beyond the peak. The 
lack of 'Kea'au' trees response may be due largely to the 
narrow temperature range at which it was sampled.
The effect of maximum temperature on percent kernel of 
'Keauhou' and 'Ka'u' peaked then dropped off at the same 
temperatures that Allan and De Jager (1978) found was 
optimum for photosynthesis in 'Keauhou' trees. Stephenson 
and Gallagher (1986) felt that this may indicate that trees 
in their study were able to benefit from increased 
photosynthate levels by increasing percent kernel 
recovery. It seems likely there is a relationship between 
photosynthate production and percent kernel due to the 
similarity of their response to maximum temperature.
Minimum temperatures effect on 'Ka'u' trees was the 
least important of the three variables affecting percent 
kernel in terms of its mean square in regression (Table 24,
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appendix). Stephenson and Gallagher (1986) did not vary 
minimum temperature in their experiments. It is probable 
that minimum temperature affects night respiration, since 
it caused an increase of percent kernel up to 17 to 18°C 
and a decrease after that point. Allan and De Jager (1978) 
found a 75 percent increase in night respiration as minimum 
temperature went from 18 to 19°C, to 29°C in 'Keauhou' 
trees. As temperature increased above 17 to 18°C more 
photosynthate is respired which decreases the photosynthate 
for kernel production. This is reflected in lower percent 
kernel above 17 to 18°C.
Stephenson et al. (1989) found that carbohydrate stored 
in the wood and bark of macadamia tree trunks was rapidly 
depleted with reproductive growth. Based on their research 
it can be assumed that during reproductive growth macadamia 
trees are not producing enough photosynthate to support 
that growth and must rely on stored carbohydrate. Since 
photosynthate production drops off above 26°C (Allan and 
De Jager, 1976), this may explain why percent kernel was 
associated with a reduction above that temperature. 
Similarly, increasing minimum temperatures would increase 
night respiration further depleting reserves.
Radspinner (1970) found that increasing tree age 
increased percent kernel of 'Keauhou' trees, and was the 
only significant variable affecting percent kernel. 
'Keauhou' trees in this study showed no response to tree
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age over a range of 7 to 42 years of age. 'Ka'u' trees 
showed a significant decrease in percent kernel as tree age 
increased. It is possible that cultivars vary in their 
response to various factors such as the effect of tree 
age. In a previous section 'Keauhou' and 'Ka'u' trees 
responded differently to rainfall on final nut set.
4.4.2 Percent Grade 1 Kernels
Of the main effects in the analysis of variance only 
cultivar and location were significantly different. The 
cultivar by location interaction was significant indicating 
that the three cultivars did not perform similarly at all 
locations (Table 8).
No effect of temperature or rainfall on 'Keauhou' trees 
was found on percent grade 1 kernels during the first 90 
days after flowering or during the oil accumulation phase. 
During the 70 days following the oil accumulation phase, 
the maturation phase, there was a significant regression of 
minimum temperature and tree age on percent grade 1 kernels 
(Figure 18). This suggests that oil accumulation may be 
delayed in 'Keauhou' trees. As minimum temperature 
increased percent grade 1 kernels were related to an 
increase between 13 and 17°C, a sharp drop occurred from 
18°C to 21°C (Figure 19). Percent grade 1 kernels 
were related to a decrease with increasing tree age. These 
two variables were related to differences in percent grade 
1 kernels between locations. 'Keauhou' trees at Kea'au
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Figure 18. Effect of tree age (years, AGE) and three levels of minimum temperature (‘fc, MINT) on percent grade 
1 kernels (PF) of 'Keauhou’ macadamia at seven locations in Hawaii, over three-years. MINT was averaged yearly 
at each location from the time of anthesis to nut drop. PF was calculated for each location and replicate. Regression 
analysis results are in appendix Table 25.
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Figure 19. Effect of minimum temperature (R3.MINT) and three tree ages (years, AGE) on percent grade 1 
kernels (PF) of 'Keauhou’ macadamia at seven locations in Hawaii, over three-years. MINT was averaged yearly 
at each location from the time of anthesis to nut drop. PF was calculated for each location and replicate. Regression 
analysis results are in appendix Table 25.
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(mauka) had 92.5 highest percent grade 1 kernels which was 
the highest group (Table 9). This was related to a minimum 
temperature of 18°C which is near the optimum level, and 
the youngest 'Keauhou' trees in the study, 9 years old.
The lowest percent grade 1 kernels, 64.0 percent, occurred 
at lower Pahala and was related to the highest minimum 
temperature of 21°C.
'Ka'u' trees did not respond to temperature or rainfall 
during the first 90 days after anthesis. In terms of mean 
sums of squares, tree age was the most significant variable 
effecting percent grade 1 kernels (Figure 20). There was a 
slight increase of percent grade 1 kernels up to 12 years 
followed by a sharp decrease after 17 years of age (Figure 
20). Increasing minimum temperature in a range of 13 to 
19°C caused a slight increase in percent grade 1 kernels 
(Figure 21). 'Ka'u' trees at Makawao and Waiakea had the 
lowest percent grade 1 kernels of all locations (Table 9). 
This was caused primarily by tree ages of 23 and 20 years 
respectively. All trees in other locations were below 14 
years of age, which resulted in higher percent grade 1 
kernels.
Trees of 'Kea'au' did not vary in percent grade 1 
kernel between locations (Table 9). Because no difference 
was found, no regression analysis was done. Trees were 
exposed to the same environmental conditions mentioned 
under percent kernel.
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Figure 20. Effect of tree age (years, AGE) and three levels of minimum temperature (93, MINT) on percent grade 
1 kernels (PF) of 'Ka’u’ macadamia at seven locations in Hawaii, over three-years. MINT was averaged yearly 
at each location from the time of anthesis to nut drop. PF was calculated for each location and replicate. Regression 
analysis results are in appendix Table 26.
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Figure 21. Effect of minimum temperature ^,M IN T) and three tree ages (years, AGE) on percent grade 1 
kernels (PF) of 'Ka’u’ macadamia at seven locations in Hawaii, over three-years. MINT was averaged yearly 
at each location from the time of anthesis to nut drop. PF was calculated for each location and replicate. Regression 
analysis results are in appendix Table 26.
No discernible effect of climate on either percent 
kernel or percent grade 1 kernel could be found during 
these two phases. Radspinner (1970) found that rainfall 
during the carbohydrate accumulation phase preceding 
flowering was correlated with a reduction in the size of 
macadamia nuts. This study did not consider nut size and 
can neither support nor reject Radspinner's conclusions.
The increase in percent grade 1 kernels with increasing 
minimum temperature agrees with the research of Radspinner 
(1970), who found that maximum temperatures between 23 and 
26°C during the endosperm development phase resulted in 
more grade 1 kernels. Stephenson and Gallagher (1986) ,  
also, found that percent grade 1 kernels increased with 
maximum temperatures from 15 to 25°C, but decreased from 
30 to 35°C. Shigeura (1981) suggested that higher 
minimum temperatures may lead to an increase in grade 1 
kernels.
The main factor determining grade 1 kernels is an oil 
content of 72 percent or more. Howell and Cartter (1958) 
concluded that the effect of increasing temperatures on oil 
content was not due to increased translocation, but rather 
its effect on the metabolic pathway for conversion of 
sugars to oils. They, also, concluded that optimum 
temperatures for oil production may not lead to the 
greatest seed weight or yield, due to increased conversion 
of sugars to oils and increased respiration. They, also.
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found that a 9.4°C change in maximum temperature to 
29.4°C caused a two percent plus change in oil content of 
soybeans. Brown (1960), also, found oil production in 
soybean to be optimum at 30°C but it began to decrease by 
32.2°C. Harris et al. (1978) found that night 
temperature was critical in determining oil content of 
sunflower seed. Night temperature of 20°C was found to 
be optimum, although oil was still produced at higher 
temperatures. Dunstone (1984) found that temperature 
extremes with day/night temperatures of 36°C/31°C and 
15°C/10°C affected wax concentration in jojoba.
The negative response of 'Keauhou' trees to increasing 
tree age is contrary to Radspinner's (1970) findings. He 
found through correlation that percent grade 1 kernels 
increased with increasing age of the tree. Care was taken 
in this experiment to place tree age after weather 
variables in a Type I Sums of Squares sequential fit of the 
regression model so that variation due to weather was not 
attributed to age. Tree age fits the actual data in both 
significance and appearance.
Data for the effect of tree age on percent grade 1 
kernels of 'Ka'u' trees was handled the same as for 
'Keauhou' to eliminate any erroneous results.
4.5 Yield
Results of the analysis of variance of yield (Table 
10) show both cultivar and location to be significant.
73
All interactions including location by cultivar by year 
were, also, significant. Yield at all locations was based 
on single tree replicates, except at Waiakea where each 
replicate was comprised of five trees.
Table 10. Analysis of variance of yield at five 
locations in Hawaii, for three macadamia cultivars over a 
three-year period.
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Source DF MS F
Year 2 12331.46 NO TEST
Rep*Year (ERROR A) 6 8677.23
Location 4 76027.32 68.32 * *
Year*Location 6 12318.18 11.07 **
Rep*Location(Year) (ERROR B) 17 2965.09
Cultivar 2 50292.52 305.03 * *
Year*Cultivar 4 3122.48 18.94 * *
Location*Cultivar 4 36052.49 218.66 * *
Year*Location*Cultivar 7 1446.56 8.77 **
Error (C) 25 164.88
F value followed by * or ** are significant at the .05 or 
.01 probability level respectively.
Tree age was the most important variable affecting 
yield of 'Keauhou' trees over all locations (Figure 22). 
Increased rainfall from 10 to 30 cm per month was 
associated with an increase in yield followed by a decrease 
in yield up to 49 cm per month (Figures 23, 24). Increased 
minimum temperature from 10 to 14.5°C was associated with 
an increase in yield followed by a decrease up to 19°C 
(Figure 23).
Differences in yield of 'Keauhou' trees within 
locations were related principally to rainfall (Table 11). 
Yield of 'Keauhou' trees decreased from 1980 to 1981 and
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Figure 22. Effect of tree age (years, AGE), three levels of minimum temperature ( ^ ,  MINT), and fixed rainfall 
(RAIN) on annual yield/tree (kg in-shell) on 'Keauhou’ macadamia at five locations in Hawaii over a three-year 
period. Regression analysis results are in appendix Table 27. -J(J1
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Figure 23. Effect of minimum temperature (‘t ,  MINT), three levels of rainfall (cm, RAIN), and fixed tree age 
(AGE) on annual yield/tree (kg in-shell) on 'Keauhou’ macadamia at five locations in Hawaii over a three-year 
period. Regression analysis results are in appendix Table 27.
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Figure 24. Effect of rainfall (cm, RAIN), three tree ages (AGE), and fixed minimum temperature fb, MINT) 
on annual yield/tree (kg in-shell) on 'Keauhou’ macadamia at five locations in Hawaii over a three-year 
period. Regression analysis results are in appendix Table 27.
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Table 11 Yield means/tree (kg in-shell) of three 
macadamia cultivars at five locations in Hawaii, during 
1979 to 1981.
Cultivar
Location Year Keauhou Ka'u Kea'au
Captain Cook 1979 54 . 0 a ---------- ----------
1980 55.9 a ---------- ----------
1981 ---- ---- ----------
Kainaliu 1979 200.2 a 37.6 b 64 . 1 b
1980 161.4 a 47.9 ab 86.7 a
1981 170.4 a 62.0 a 81.9 a
Kea'au (makai) 1979 — — 35.3 a ----
1980 ---- 25.5 a ----
1981 ---- ---- ----
Kea'au (mauka) 1979 ---------- 5.2 b 7.8 c
1980 33.4 a 22.0 a 12.9 b
1981 18. 3 b 15.7 a 20.8 a
Waiakea 1979 61.3 b 55.4 b 49.4 b
1980 64.8 b 51.7 b 53.3 b
1981 127.7 a 110.1 a 123.3 a
Yields for the same location and cultivar not followed by 
the same letter are different at the 5 percent probability 
level according to Duncan's Multiple Range Test and was 
confirmed by single degree of freedom regression analysis.
was related to a decrease in rainfall from an optimum level 
of 30 to 20.7 cm per month. At Waiakea, yields doubled 
from 1979 and 1980 to 127.7 kilos per tree in 1981 and was 
related to a decrease in rainfall from an average of 45 cm 
the previous two yeafs to 25 cm per month in 1981.
Yield of 'Ka'u' trees was affected primarily by 
increased tree age which increased yield (Figure 25). 
Increasing monthly minimum temperature from 16 to 18°C 
was related to increased yields followed by a decrease in 
yield at higher temperatures (Figure 26). Increasing 
rainfall from 10 cm to 50 cm per month decreased yield of 
'Ka'u' trees (Figure 26). Differences in yield within 
locations were related to these three variables, tree age, 
rainfall, and minimum temperature (Table 11). A drop in 
rainfall from 17 cm per month in 1979 to 10.5 cm per month 
in 1980 and 1981 resulted in higher yield in the latter 
years. Increasing tree age was related to differences in 
yield between 1979 and the latter two years at Kea'au 
(mauka). Decreasing rainfall from an average 42 cm per 
month to 25 cm per month was related to in increased yield 
in 1981 at Waiakea.
Tree age was the variable that had the greatest effect 
on yield of 'Kea'au' trees, followed by rainfall and 
minimum temperature (Figures 27, 28). Increasing tree age 
was associated with increased yield within a range of 7 to
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Figure 25. Effect of tree age (years, AGE), three levels of minimum temperature ( ^ ,  MINT), and fixed rainfall 
(RAIN) on annual yield/tree (kg in-shell) on 'Ka’u’ macadamia at five locations in Hawaii over a three-year 
period. Regression analysis results are in appendix Table 28.
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Figure 26. Effect of minimum temperature ( ^ ,  MINT), three levels of rainfall (cm, RAIN), and fixed tree age 
(AGE) on annual yield/tree (kg in-shell) on 'Ka’u’ macadamia at five locations in Hawaii over a three-year 
period. Regression analysis results are in appendix Table 28.
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Figure 27. Effect of tree age (years, AGE), and three levels of minimum temperature (Rl, MINT) on annual 
yield/tree (kg in-shell) on 'Kea’au’ macadamia at five locations in Hawaii over a three-year period. 
Regression analysis results are in appendix Table 29. OOK)
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Figure 28. Effect of rainfall (cm, RAIN), three tree ages (years, AGE), and fixed minimum temperature MINT) 
on annual yield/tree (kg in-shell) of 'Kea’au’ macadamia at five locations in Hawaii over a three-year period. 
Regression analysis results are in appendix Table 30. OOU)
21 years of age. Both increasing rainfall and itiinimuin 
temperature were associated with decreased yield of 
'Kea'au' trees. Rainfall ranged from 10 to 40 cm per 
month, and monthly minimum temperatures ranged from 16 to 
18.5°C. Increasing tree age was the main cause of 
different yields between years at individual locations 
(Table 11). Rainfall decreased from 17 cm in 1979 to 10.5 
cm in 1980 and 1981 and was associated with increased 
yields at Kainaliu. Rainfall decreased by an average of 9 
cm per month in 1981 compared to the previous two years, 
and with increasing tree age, was associated with an 
increase in yield at Waiakea.
Age of trees proved to have the most dominant effect 
on yield of all cultivars. Tree age accounted for a 
minimum of 15 times the mean square in regression analysis 
compared to the next most significant variable on all three 
cultivars. Yield of all cultivars did not reach a maximum 
at a certain age and then maintain nearly the same yield 
from year to year as had been expected, but continued to 
increase in yield as the age of trees increased.
The climatic factors that affected yield were minimum 
temperature and rainfall, and did not vary in their effect 
on yield from month to month or during any period of the 
year.
The weather variables that affected yield were nearly 
identical to those affecting final nut set. The effect of
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rainfall on yield and final nut set was nearly identical 
for each cultivar. 'Keauhou' trees had lower final nut set 
and yield with low rainfall but increased up to an optimum 
point then decreased again (Figures 9, 24). Final nut set 
and yield of both 'Ka'u' and 'Kea'au' trees decreased with 
increased rainfall (Figures 11, 12, 26, 28).
Allan and DeJager (1978) found that water stress caused 
an increase in leaf temperature by 10°C or more due to 
inadequate leaf transpiration, which resulted in a 
reduction of photosynthate output in 'Keauhou' trees.
Lower levels of photosynthate, due to lack of adequate 
rainfall affecting photosynthesis, may reduce initial and 
final nut set, which could lead to a reduction in yield. 
This appears to be the what occurred on 'Keauhou' trees 
since low rainfall was associated with a reduction in 
yield.
The effect of minimum temperatures effect on yield and 
final nut set of 'Keauhou' trees appears nearly identical, 
with an optimum minimum temperature at 14°C for both 
parameters (Figures 10, 24). The effect of minimum 
temperature yield on the and final nut set of 'Ka'u' and 
'Kea'au' trees was not identical, but both suggest there is 
a point where increased minimum temperature was associated 
with a decrease in both yield and final nut set.
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CHAPTER V 
SUMMARY AND CONCLUSIONS
This experiment was designed to study the effect of 
climatic factors and tree age on nut set, nut 
characteristics, and yield of three macadamia cultivars. 
Data were collected over a three-year period, then analyzed 
to determine the effect of climate and tree age on the 
previously mentioned variables.
No difference in initial nut set of the cultivars 
Keauhou, Ka'u, and Kea'au was found, but there were 
differences in initial nut set among eight locations.
No effect of climate on initial nut set was found 
during the carbohydrate accumulation period prior to 
flowering or during the flowering phase.
Highest initial nut sets for all cultivars occurred on 
trees at locations where day temperatures ranged from 18 to 
24°C from anthesis to initial nut set. Maximum 
temperatures above those temperatures were associated with 
reduced initial nut set of all cultivars.
Rainfall above 25 cm during the initial nut set phase 
was associated with a reduction in initial nut set of 
'Ka'u' trees due primarily to the diseases botrytis and 
phytophthora. Neither of the other cultivars was sensitive 
to rainfall during initial nut set.
Maximum temperatures from 18 to 24°C retarded 
development of nuts of all cultivars. Nut drop occurs
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between anthesis and two weeks after anthesis at locations 
with day temperatures above 25°C, also, occurs between 
the second and fourth weeks after anthesis with 
temperatures below 25°C. Low maximum temperatures, 
between 18 to 24°C up to the fourth week following 
anthesis continued to be associated with the highest nut 
sets per raceme.
Rainfall was the most important variable effecting 
final nut set of 'Keauhou' trees. Rainfall of 90 to 120 cm 
during the final nut set phase was related to the highest 
final nut sets in a range of 1 to 215 cm of rainfall.
'Ka'u' and 'Kea'au' trees were more tolerant to dry 
conditions than 'Keauhou' trees. A reduction of final nut 
set for 'Ka'u' and 'Kea'au' trees was related to increasing 
rainfall in a range of 1 to 215 cm of rain during the eight 
weeks from anthesis to final nut set.
For all cultivars a minimum temperature of 14°C was 
optimum for final nut set within a range of 10 to 20°C 
for 'Keauhou' and 14 to 20°C for 'Ka'u' and 'Kea'au'.
Maximum temperatures from 20 to 26°C increased 
percent kernel of 'Keauhou' trees, but caused a sharp 
reduction above 26°C. Percent grade 1 kernels of 
'Keauhou' trees increased with minimum temperatures from 13 
to 17°C, but declined above 17°C. Percent grade 1 
kernels, also, declined with increasing tree age.
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'Percent kernel of 'Ka'u' trees was associated with an 
increase up to 26°C but decreased above that 
temperature. Minimum temperatures above 18°C, and 
increasing tree age, also, were related to a reduction of 
percent kernel. Tree age up to 12 years increased percent 
grade 1 kernels, but there was a steady decrease up to 17 
years of age when the drop became steep. Increasing 
minimum temperature was associated with an increase in 
percent grade 1 kernels within a range of 13 to 19°C.
'Kea'au' trees proved to be the most stable of the 
three cultivars and showed no differences in either percent 
kernel or percent grade 1 kernels over all locations. 
Maximum temperatures varied from 25 to 29°C, and minimum 
temperatures from 16.5 to 19.5°C at locations where trees 
were sampled.
Yield of all cultivars increased steadily with 
increasing tree age. Tree age was the most important 
variable affecting yield in this study.
Yield of 'Keauhou' trees was highest with a rainfall of 
30 cm per month. Rainfall above or below that was 
associated with a reduction in yield. A monthly minimum 
temperatures of 14.5°C was related to higher yields for 
'Keauhou' within a range of 12 to 19°C.
Yields of 'Ka'u' and 'Kea'au' trees decreased with 
increasing rainfall above 10 cm a month. Increasing 
monthly minimum temperatures increased yields up to 17 to
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18°C, but was related to a reduction above that 
temperature.
The results of this study indicate that the conditions 
that promoted the highest final nut set, also, resulted in 
the highest yields and percent kernel. Cool day 
temperatures from anthesis to initial nut set in 
association with low night temperatures through the eight 
weeks following anthesis are ideal temperature conditions 
for maximum final nut set. Apparently, high minimum 
temperatures cause increased night respiration, reducing 
carbohydrates and ultimately limiting nut set and yield 
capacity. The cultivars varied in their response to 
rainfall, with 'Keauhou' trees appearing to yield well with 
higher rainfall, and 'Kea'au' and 'Ka'u' performing best 
under lower rainfall conditions.
MAXIMUM TEMPERATURE (C)
Figure 29. Effect of maximum temperature ( b ,  MAXT) and three levels of rainfall (cm, RAIN) on percent nut 
retention (PNR) per replicate of 'Keauhou’ macadamia at eight locations in Hawaii, over three-years. Percent nut 
retention was calculated as follows: nut set per raceme four weeks after anthesis/nut set per raceme two weeks 
after anthesis. MAXT was averaged and RAIN summed at each location during the two weeks following initial set. 
Regression analysis results are in appendix Table 29.
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Figure 30. Effect of maximum temperature (‘fc, MAXT) and three levels of rainfall (cm, RAIN) on percent nut 
retention (PNR) per replicate of 'Ka’u' macadamia at eight locations in Hawaii, over three-years. Percent nut 
retention was calculated as follows: nut set per raceme four weeks after anthesis/nut set per raceme two weeks 
after anthesis. MAXT was averaged and RAIN summed at each location during the two weeks following initial set. 
Regression analysis results are in appendix Table 30.
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Figure 31. Effect of maximum temperature ( b ,  MAXT) on percent nut retention (PNR) per replicate of 'Kea’au’ 
macadamia at seven locations in Hawaii, over three-years. Percent nut retention was calculated as follows: nut 
set per raceme four weeks after anthesis/nut set per raceme two weeks after anthesis. MAXT was averaged at 
each location during the two weeks following initial set. Regression analysis results are in appendix Table 31.
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APPENDIX B 
TABLES
Table 12. Regression equations describing the 
relationship between climatic factors and final nut set 
(FNS) during the phases of carbohydrate accumulation, 
flowering, and final nut set.
Carbohydrate phase:
Keauhou:FNS=34.23 - 3.14MAXT + 0.061MAXT^+ 0.91MINT - 
0.03MINT^
Ka'u: FNS=179.92 - 19.53MINT + 0.53MINT^
Kea'au: no effect
Flowering phase:
Keauhou:FNS=26.86 + 1.14MINT - O.OIMINT^ - 1.51MAXT +
0.OIMAXT^
Ka'u: FNS=246.23 - 9.79MINT + 0.08MINT^ + 1.61MAXT ■
O.OIMAXT^
Kea'au: FNS=295.33 - 9.30MINT + 0.07MINT^
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General Linear Models Procedure
Number of observations in data set = 45
Table 13. Regression analysis of initial nut set and
climatic variables for 'Keauhou' trees at eight locations
in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 6399.81080250 28.89 0.0001
Error 41 3028.00178861
Corrected Total 44 9427.81259111
R-Square C.V. SET Mean
0.678822 54.01369 15.91044444
Source DF Type I SS F Value Pr > F
MAXM 1 4492.26079575 60.83 0.0001
MAXM*MAXM 1 161.97041250 2.19 0.1463
RAINM 1 1745.57959425 23.64 0.0001
T for HO: Pr > IT 1 Std Error of
Parameter Estimate Parameter=0 Estimate
INTERCEPT 253.9061729 3.40 0.0015 74.62255181
MAXM -15.3530245 -2.51 0.0160 6.11238173
MAXM*MAXM 0.2360941 1.91 0.0626 0.12333973
RAINM -0.2946422 -4.86 0.0001 0.06060538
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General Linear Models Procedure
Number of observations in data set = 58
Table 14. Regression analysis of initial nut set and
climatic variables for 'Ka'u' trees at eight locations in
Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 1580.21019885 8.46 0.0001
Error 54 3362.92709253
Corrected Total 57 4943.13729138
R-Square C.V. SET Mean
0.319678 68.79021 11.47189655
Source DF Type I SS F Value Pr > F
RAINM
MAXM
MAXM*MAXM
1
1
1
708.92725214
517.82586512
353.45708159
11.38 0.0014 
8.31 0.0056 
5.68 0.0208
Parameter Estimate
T for HO: Pr > 
Parameter=0
|T| Std Error of 
Estimate
INTERCEPT
RAINM
MAXM
MAXM*MAXM
-89.38682755
-0.19468059
10.17509883
-0.23214689
-1.58 0.1199 56.56698982 
-4.92 0.0001 0.03959757 
2.15 0.0363 4.73896985 
-2.38 0.0208 0.09744429
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General Linear Models Procedure
Number of observations in data set = 36
Table 15. Regression analysis of initial nut set and
climatic variables for 'Kea'au' trees at eight locations in
Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 ■996.94678182 10.13 0.0001
Error 32 1050.27587373
Corrected Total 35 2047.22265556
R-Square C.V. SET Mean
0.486975 92.64352 6. 18388889
Source DF Type I SS F Value Pr > F
MAXM 1 188.67511016 5.75 0.0225
MAXM*MAXM 1 694.47214318 21.16 0.0001
RAINM 1 113.79952848 3.47 0.0718
Parameter
INTERCEPT
MAXM
MAXM*MAXM
RAINM
T for HO: Pr > 1T
Estimate Parameter=0
448.5594545
-32.5224944
0.5952955
-0.0675103
4.58
-4.22
3.95
- 1.86
0 . 0 0 0 1
0 . 0 0 0 2
0.0004
0.0718
Std Error of 
Estimate
97.83911106
7.70586557
0.15057646
0.03625572
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General Linear Models Procedure
Number of observations in data set = 50
Table 16. Regression analysis of fourth week nut set and
climatic variables for 'Keauhou' trees at eight locations
in Hawaii, over threte-years.
Source DF Sum of Squares F Value Pr > F
Model 4 81.38319634 12.82 0.0001
Error 45 71.44403566
Corrected Total 49 152.82723200
R-Square C.V. SET Mean
0.532518 34 .57408 3. 64440000
Source DF Type I SS F Value Pr > F
RAIN 1 24.17626955 15.23 0.0003
MINT 1 19.22244878 12.11 0.0011
MINT*MINT 1 19.21847951 12.11 0.0011
MAXT 1 18.76599850 11.82 0.0013
T for HO: Pr > |T| Std Error of
Parameter Estimate Parameter=0 Estimate
INTERCEPT
RAIN
MINT
MINT*MINT
MAXT
7.704350303
-0.105831338
0.865726869
-0.033347655
-0.333744366
2.99
■4.83
2.83
■2.61
■3.44
0.0045
0 . 0 0 0 1
0.0069
0.0123
0.0013
2.57865091
0.02190393
0.30588378
0.01278392
0.09707443
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General Linear Models Procedure
Number of observations in data set = 59
Table 17. Regression analysis of fourth week nut set and
climatic variables for 'Ka'u' trees at eight locations in
Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 2 26.60357804 5.58 0.0062
Error 56 133.53727281
Corrected Total 58 160.14085085
R-Square C.V. SET Mean
0.166126 49.54245 3.11694915
Source DF Type I SS F Value Pr > F
MAXT
RAIN
1
1
10.32812019
16.27545785
4.33 0.0420 
6.83 0.0115
Parameter Estimate
T for HO: Pr > 
Parameter=0
1T 1 Std Error of 
Estimate
INTERCEPT
MAXT
RAIN
11.05634705
-0.27612683
-0.06284188
4.59 0. 
-3.24 0. 
-2.61 0.
0001 2.40853863 
0020 0.08511612 
0115 0.02405414
100
General Linear Models Procedure
Number of observations in data set = 34
Table 18. Regression analysis of fourth week nut set and
climatic variables for 'Kea'au' trees at eight locations in
Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 2 27.40169564 11.66 0.0002
Error 31 36.41797789
Corrected Total 33 63.81967353
R-Square C.V. SET Mean
0.429361 40.60779 2.66911765
Source DF Type I SS F Value Pr > F
MAXT 1 0.16972483 0.14 0.7065
MAXT*MAXT 1 27.23197081 23.18 0.0001
T for HO: Pr > |T| Std Error of
Parameter Estimate Parameter=0 Estimate
INTERCEPT 98.32277701 4.87 0. 0001 20.20518231
MAXT -7.59263956 -4.78 0. 0001 1.58677277
MAXT*MAXT 0.14933574 4.81 0. 0001 0.03101711
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General Linear Models Procedure
Number of observations in data set = 45
Table 19. Regression analysis of final nut set and two
climatic variables for 'Keauhou' trees at eight locations
in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 4 9.67787961 4.88 0.0027
Error 40 19.83541817
Corrected Total 44 29.51329778
R-Square C.V. SET Mean
0.327916 59.16470 1 .,19022222
Source DF Type I SS F Value Pr > F
RAIN 1 0.11002909 0.22 0.6402
RAIN*RAIN 1 5.81873738 11.73 0.0014
MINT 1 1.49419861 3.01 0.0903
MINT*MINT 1 2.25491453 4.55 0.0392
Parameter
INTERCEPT
RAIN
RAIN*RAIN
MINT
MINT*MINT
Estimate
-2.327056150
0.023403739
-0.000109489
0.567573597
-0.023425679
T for HO: Pr >
Parameter=0
-1.23
3.60
-3.92
1.90
-2.13
0.2244
0.0009
0.0003
0.0646
0.0392
Std Error of 
Estimate
1.88577047
0.00649922
0.00002795
0.29866368
0.01098545
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General Linear Models Procedure
Number of observations in data set = 45
Table 20. Regression analysis of final nut set and three
climatic variables for 'Keauhou' trees at eight locations
in Hawaii, over three-years.
Source DF
Model 6
Error 38
Corrected Total 44
R-Square 
0.385638
Source DF
RAIN
RAIN*RAIN 
MINT
MINT*MINT 
MAXT
MAXT*MAXT
Parameter
INTERCEPT
RAIN
RAIN*RAIN
MINT
MINT*MINT
MAXT
MAXT*MAXT
Estimate
12.17791920
0.02076993
-0.00009876
0.57240066
-0.02210405
-1.20462369
0.02411326
Sum of Squares F Value
11.38144451
18.13185327
29.51329778
C.V.
3.98
Pr > F 
0.0035
SET Mean
58.03650 1. 19022222
Type I SS F Value Pr > F
0.11002909 0.23 0.6338
5.81873738 12.19 0.0012
1.49419861 3.13 0.0848
2.25491453 4.73 0.0360
0.44116292 0.92 0.3424
1.26240198 2.65 0.1121
T for HO: Pr > |T|
Parameter=0
1.44
3.18
■3.53
1.94
■1.98
■1.70
1.63
0.1592
0.0029
0 . 0 0 1 1
0.0600
0.0549
0.0976
0.1121
Std Error of 
Estimate
8.48148199
0.00653228
0.00002801
0.29522376
0.01115972
0.70921307
0.01482472
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General Linear Models Procedure
Number of observations in data set = 60
Table 21. Regression analysis of final nut set and
climatic variables for 'Ka'u' trees at eight locations in
Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 60.15945672 22.36 0.0001
Error 56 50.22963661
Corrected Total 59 110.38909333
R-Square C.V. SET Mean
0 .544976 63.50549 1.49133333
Source DF Type I SS F Value Pr > F
MINT
MINT*MINT
RAIN
1
1
1
16.38831699
35.96688151
7.80425822
18.27 0.0001 
40.10 0.0001 
8.70 0.0046
Parameter Estimate
T for HO: Pr > 
Parameter=0
|T| Std Error of 
Estimate
INTERCEPT
MINT
MINT*MINT
RAIN
73.
-7.
0.
-0.
04004461
99976602
22319192
00536431
4.45 0. 
-4.09 0.
3.87 0. 
-2.95 0.
0001 16.42278973 
0001 1.95702233 
0003 0.05766450 
0046 0.00181859
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General Linear Models Procedure
Number of observations in data set = 37
Table 22. Regression analysis of final nut set and
climatic variables for 'Kea'au' trees at eight locations in
Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 4 12.42862355 21.68 0.0001
Error 32 4.58578726
Corrected Total 36 17.01441081
R-Square C.V. SET Mean
0.730476 37.36098 1.01324324
Source DF Type I SS F Value Pr > F
MINT 1 2.65650156 18.54 0.0001
MINT*MINT 1 2.89234440 20.18 0.0001
RAIN 1 5.04559287 35.21 0.0001
MAXT 1 1.83418471 12.80 0.0011
T for HO: Pr > ITI Std Error of
Parameter Estimate Parameter=0 Estimate
INTERCEPT 51.39523009 4.99 0. 0001 10.30172347
MINT -5.97370485 -4.65 0. 0001 1.28530964
MINT*MINT 0.15808592 4.26 0. 0002 0.03710181
RAIN -0.00303133 -2.56 0. 0154 0.00118430
MAXT 0.21769917 3.58 0 . 0 0 1 1 0.06085093
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General Linear Models Procedure
Number of observations in data set = 25
Table 23, Regression analysis of percent kernel, climatic
variables, and tree age for 'Keauhou' trees at eight
locations in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 4 0.00450884 4.18 0.0128
Error 20 0.00539260
Corrected Total 24 0.00990144
R-Square C.V. PK Mean
0.455372 4.359247 0..37668000
Source DF Type I SS F Value Pr > F
MAXT 1 0.00044079 1 .63 0.2157
MAXT*MAXT 1 0.00193745 7 .19 0.0144
AGE 1 0.00067540 2 .50 0.1292
AGE*AGE 1 0.00145520 5 .40 0.0308
T for HO: Pr > |T| Std Error of
Parameter Estimate Parameter=0 Estimate
INTERCEPT -3.007664327 -3.23 0.0042 0.93259845
MAXT 0.295186518 3.64 0.0016 0.08120459
MAXT*MAXT -0.006088867 -3.65 0.0016 0.00166779
AGE -0.009790148 -2.54 0.0195 0.00385645
AGE*AGE 0.000136254 2.32 0.0308 0 . 00005865
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General Linear Models Procedure
Table 24. Regression analysis of percent kernel, climatic
variables, and tree age for 'Ka'u' trees at eight locations
in Hawaii, over three-years.
Number of observations in data set = 26
Source DF Sum of Squares F Value Pr > F
Model 5 0.01182201 4.79 0.0048
Error 20 0.00986215
Corrected Total 25 0.02168415
R-Square C.V. PK Mean
0.545191 6.110886 0. 36338462
Source DF Type I SS F Value Pr > F
MINT 1 0.00024125 0.49 0.4923
MINT*MINT 1 0.00234111 4.75 0.0415
MAXT 1 0.00172910 3.51 0.0758
MAXT*MAXT 1 0.00475622 9. 65 0.0056
AGE 1 0.00275433 5.59 0.0283
T for HO: Pr > |T| Std Error of
Parameter Estimate Parameter=0 Estimate
INTERCEPT -4.337673780 -2.76 0.0120 1.57061452
MINT 0.313421929 1.52 0.1441 0.20618891
MINT*MINT -0.008889764 -1.54 0.1382 0.00575626
MAXT 0.170316979 3.10 0.0057 0.05501320
MAXT*MAXT -0.003577061 -3.38 0.0030 0.00105776
AGE -0.002404226 -2.36 0.0283 0.00101727
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General Linear Models Procedure
Number of observations in data set = 25
Table 25. Regression analysis of percent grade 1 kernels,
climatic variables, and tree age for 'Keauhou' trees at
eight locations in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 0.13472594 5.25 0.0073
Error 21 0.17962406
Corrected Total 24 0.31435000
R-Square C.V. PF Mean
0.428586 12.04235 0. 76800000
Source DF Type I SS F Value Pr > F
MINT 1 0.05186163 6.06 0.0225
MINT*MINT 1 0.02763765 3.23 0.0866
AGE 1 0.05522665 6.46 0.0190
Parameter
INTERCEPT
MINT
MINT*MINT
AGE
Estimate
■1.687083539
0.340921463
■0.010837892
■0.005203812
T for HO: Pr >
Parameter=0
■1.53
2.50
■2.65
-2.54
0.1412
0.0209
0.0149
0.0190
Std Error of 
Estimate
1.10354946
0.13654711
0.00408475
0.00204795
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General Linear Models Procedure
Number of observations in data set = 2 6
Table 26. Regression analysis of percent grade 1 kernels,
climatic variables, !and tree age for 'Ka'u' trees at eight
locations in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 0.07399891 9.55 0.0003
Error 22 0.05679571
Corrected Total 25 0.13079462
R-Squa're C.V. PF Mean
0.565764 5.656639 0. 89823077
Source DF Type I SS F Value Pr > F
MINT 1 0.02352108 9.11 0.0063
AGE 1 0.03172490 12.29 0.0020
AGE*AGE 1 0.01875293 7.26 0.0132
Parameter
INTERCEPT
MINT
AGE
AGE*AGE
Estimate
0.6871986053
0.0048699325
0.0295293874
-.0012091252
T for HO: Pr > |T|
Parameter=0
3.31
0.44
2.18
■2.70
0.0032
0.6652
0.0404
0.0132
Std Error of 
Estimate
0.20775601
0.01110302
0.01355848
0.00044862
General Linear Models Procedure
Number of observations in data set = 26
Table 27. Regression analysis of yield, climatic
variables, and tree age for 'Keauhou' trees at eight
locations in Hawaii, over three-years.
109
Source DF Sum of Squares F Value Pr > F
Model 5 80855.0156496 34 .55 0.0001
Error 20 9361.7029431
Corrected Total 25 90216.7185927
R-Square C.V. YLD Mean
0.896231 24.75570 87.39511538
Source DF 'Type I SS F Value Pr > F
AGE 1 74365.3711250 158 .87 0.0001
RAIN 1 63.1006240 0.13 0.7174
RAIN*RAIN 1 4705.0043334 10 .05 0.0048
MINT 1 282.7310685 0 .60 0.4461
MINT*MINT 1 1438.8084987 3 .07 0.0949
T for HO: Pr > |T| Std Error of
Parameter Estimate Parameter=0 Estimate
INTERCEPT -663.6413474 -2.13 0. 0459 311.75284438
AGE 5.1841635 9.57 0. 0001 0.54158434
RAIN 7.1807256 2.90 0. 0089 2.47706494
RAIN*RAIN -0.1137014 -3.02 0. 0068 0.03764568
MINT 80.3613980 1.79 0. 0893 44.99500850
MINT*MINT -2.7948199 -1.75 0. 0949 1.59409707
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General Linear Models Procedure
Number of observations in data set = 32
Table 28. Regression analysis of yield, climatic
variables, and tree age for 'Ka'u' trees at eight locations
in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 4 20448.8597155 22.11 0.0001
Error 27 6243.9866920
Corrected Total 31 26692.8464075
R-Square C.V. YLD Mean
0.766080 36.19780 42.,01137500
Source DF Type I SS F Value Pr > F
AGE 1 17644.6539608 76.30 0.0001
MINT 1 1220.6091673 5.28 0.0296
MINT*MINT 1 749.4664813 3.24 0.0830
RAIN 1 834.1301061 3.61 0.0683
Parameter
INTERCEPT
AGE
MINT
MINT*MINT
RAIN
Estimate
-5614.626808
5.722942
631.767529
-17.716024
-1.798092
T for HO: Pr >
Parameter=0
•1.81
9.28
1.78
■1.75
■1.90
0.0810
0 . 0 0 0 1
0.0859
0.0921
0.0683
Std Error of 
Estimate
3097.6462917 
0.61643279 
354.41474717 
10.14376683
0.94676933
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General Linear Models Procedure
Number of observations in data set = 21
Table 29. Regression analysis of yield, one climatic
variable, and tree age for 'Kea'au' trees at eight
locations in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 27611.8824238 35.03 0.0001
Error 17 4466.1471001
Corrected Total 20 32078.0295238
R-Square C.V. YLD Mean
0.860772 32.87405 49. 30476190
Source DF Type I SS F Value Pr > F
AGE
MINT
MINT*MINT
1
1
1
18585.0718834
8045.5042696
981.3062708
70.74
30.62
3.74
0.0001
0.0001
0.0701
Parameter Estimate
T for HO: Pr > 
Parameter=0
1T| Std Error of 
Estimate
INTERCEPT
AGE
MINT
MINT*MINT
-7088.496531
6.291090
843.053342
-25.090742
-1.78 0. 
9.48 0. 
1.85 0. 
-1.93 0.
0935 3989.9243146 
0001 0.66367442 
0815 455.25903343 
0701 12.98234854
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General Linear Models Procedure
Number of observations in data set = 21
Table 30. Regression analysis of yield, two climatic
variables, and tree age for 'Kea'au' trees at eight
locations in Hawaii, over three-years.
Source DF Sum of Squares F Value Pr > F
Model 3 26634.8962885 27.73 0.0001
Error 17 5443.1332353
Corrected Total 20 32078.0295238
R-Square C.V. YLD Mean
0.830316 36.29202 49.,30476190
Source DF Type I SS F Value Pr > F
AGE 1 18585.0718834 58.04 0.0001
RAIN 1 7079.1012460 22.11 0.0002
MINT 1 970.7231592 3.03 0.0997
Parameter
INTERCEPT
AGE
RAIN
MINT
T for HO: Pr >
Estimate Parameter=0
Std Error of 
Estimate
585.3815017
5.9657724
-0.1575687
-34.5796181
1.83 0.0853 320.39310937
8.33 0.0001 0.71630916
■0.12 0.9089 1.35650431
■1.74 0.0997 19.85969245
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